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SECTION 1
INTRODUCTION

The possibility of large spills of liquefied natural gas (LNG) from large insulated storage tanks or ocean-
going LNG tank ships has received increased attention as the demand for natural gas in the United States
requires increased importation from foreign sources. This attention has resulted because:

* LNGisarelatively new commodity in many parts of the U.S.,,

* LNG has hazardous properties,

* LNG isstored at very low temperaturesin large insulated storage tanks, and
» LNG istransported in large, highly visible ships.

LNG spills are considered serious events because the spill surface provides a large heat source that will

rapidly vaporizethe LNG. Theresultant flammable vapor cloud can travel downwind before diluting to safe
concentrations. If the flammable vapor isignited, a vapor cloud fire followed by a pool fire can occur.

1.1 LNG Import Terminal Overview

Sound Energy Solutions (SES) proposesto build an LNG import terminal in the Port of Long Beachin Long
Beach, California. The proposed terminal isto belocated on Pier T East. Theterminal will receive LNG via
LNG tank shipson aregular basis. Oncethe LNG is unloaded from the LNG tank shipsinto two insulated
storage tanks, it will be vaporized for introduction to the local gas transmission pipeline grid or exported by
tank truck to regional locations where the LNG is used for vehicular fuel.

Depending on the overseas source of the LNG, a portion of LNG may have to be processed to reduce the
amount of the heavier hydrocarbon components of thefluid (e.g., propane and butane) so that the vaporized
LNG (natural gas) and product LNG (vehicular fuel) will meet fuel specifications.

The LNG tank ship used in the release and consequence modeling conducted in this work is a 125,000 m®
membranetank ship. A membrane tank ship was chosen based on areview of the spherical (M oss) tank ship
design data that indicates that the spherical design may be more effective in responding to certain types of
LNG ship accidents without loss of product [Glasfeld, 1979]. The choice of the membrane design instead
of the spherical design as the basis of one of the project’s components will not significantly affect the
calculations made for, or conclusions drawn from, this study.

The primary components of the proposed terminal are shown on the plot plan presented in Figure 1-1. A
detailed description of the LNG operations, including the processflow diagrams, material balances, etc., was
provided for referencein thiswork but is not repeated in this document. Additional data used as a baseline
or reference for this study are contained in Appendix C.
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1.2 Scope of Study

The Port of Long Beach (POLB) retained Quest Consultants Inc. to identify the “worst-case” hazards that
would result from an accidental or intentiona (e.g., terrorist-induced) release of LNG in or near Sound
Energy Solutions’ proposed import terminal in Long Beach Harbor.

The study consisted of five primary tasks.

Task 1. Identify arange of potential releases, accidental and intentional, that could result in the
largest potential impacts outside theimport terminal boundary.

The POLB required the following three types of eventsto be evaluated . Additional events, both accidental
and intentional in origin, were included following areview of project data.

Releases from an LNG tank in the import terminal
* A projectile, such asan airplane or missile, striking one or both tanks and causing arelease.
» An explosive charge detonated adjacent to the tanks, causing arelease.
* A release from on-site piping by any means (accidental or intentional).

Releases from an LNG tank ship at berth
* A projectile, such as an airplane or missile, striking the ship and causing arelease.
» An explosive charge in asmall boat detonated adjacent to the ship, causing arelease.

Releases from an LNG tank ship in transit
A grounding on, or collision with, the outer breakwater resulting in the rupture of a cargo
tank.
* A callision with another vessel outside the breakwater.

Task 2. Calculate or estimate the probability of each releaseidentified in Task 1.

Failurerate datafor process equipment, tanks, and shipping transfers are available from historical data bases
and industry experiencefor both theland-based terminal and the LNG shipping fleet. Ininstanceswherethe
specific release has no historical basis (i.e., an event that has never occurred during the lifetime of the
industry), an estimate can be made based on the historical record of similar industries.

When estimating the probability of an intentional act resulting in arelease of LNG, thereisvery little hard
dataavailablefor review. Using historical datafor arangeof terrorist activities, an estimate of the probability
of aterrorist attack on aflammable fuels facility in the United States can be made.

In Task 2, the mitigation systems in place that may modify the probability of an event occurring were
addressed in the analysis.

Task 3. Calculatethesize of the hazard zonesunder wor st-case conditions of each release identified
in Task 1.

Several consequence model swere used to determinethesize of theradiant energy and expl osive overpressure
hazard zonesfollowing arel ease and ignition of aflammablefluid from the LNG terminal or LNG tank ship.
Four primary models or suites of models were used in the analysis. All models have limitations and
restrictions. Insome casesamodel was modified to performin an alternate manner than that for which it was
originally intended. The models used in the analysis are:

13 QUEST



FERC' s LNG spill onto water model
LNGFIRE3

DEGADIS

CANARY by Quest®

Task 4. Determineimpactson neighboring industrial facilities dueto the wor st-case events

The POLB identified two crude oil berths — the existing berth at T-121 and a proposed berth at T-124 — as
industrial neighborsto the LNG import terminal. In general, for LNG import terminals, the primary hazard
produced by arelease of LNG or other flammable fluid that would affect a neighboring industrial facility is
radiation from acontinuousfire. The potential radiant impacts on these and other neighboring port facilities
were calculated for the releases identified in Task 1.

Task 5. ComparetheL NG terminal wor st-caseanalysistoother lar ge-scaleflammablefud facilities

Consequence modeling results for the following large-scale flammabl e fuel facilities were compared to the
LNG import terminal results.

Facility #1 The largest refrigerated propane terminal in northern California. This terminal has two
12,000,000-gallon refrigerated propane storage tanks and four 60,000-gallon pressurized
ambient temperature storage tanks.

Facility #2 Refined petroleum tank farms, located in southern California, with large capacity storage
tanks containing a variety of petroleum products.

Facility #3 A 10 million tons per annum (10 mtpa) LNG import terminal in Mexico. Thistermina will
have apeak natural gas generation capacity of 2.4 billion cubic feet per day (10 befd). Four
150,000-m? storage tanks will be located on site when the project is fully developed.

In addition, for comparison purposes, the flammable hazards associated with arange of L PG storage vessels

werecalculated. ThelL PG vessel sizesranged fromab gallon backyard grill propane bottleto a12,500 barrel
L PG storage sphere that would be located in refinery.

1.3 L imitations of Study

The overall scope and execution of the study is limited by two necessary restrictions. First, the study is not
afull quantitativerisk analysisasit was designed to focus only onthelargest releases. Thus, not al possible
events areidentified, quantified, and incorporated into the study. Instead, the events evaluated in this study
cover arange of the largest accidental and intentionally-induced releases that could occur in the facility and
tank ship operations. Essentially, because the study evaluates a set of representative worst-case impacts, the
consequences of any event that was not specifically identified could still be expected to fall within the range
described in this study.

Secondly, all the data used to develop the rel eases, resultant consequences, and associated probabilities are

drawnfrom publicly availableresources. No useof proprietary, confidential, or not-to-be-publicly-disclosed
information was used in this study.

QUEST 14



SECTION 2
POTENTIAL HAZARDS

21 Hazar ds | dentification

Quest reviewed the preliminary design and other public information related to Sound Energy Solutions
proposed LNG Import Terminal in the Port of Long Beach. Using that information, applicable codes and
standards, knowledge of and experiencewith similar LNG terminal s, and good engineering practices, arange
of large release eventsthat have some potential to occur in theterminal was selected for analysis. Ingeneral,
these large events can be divided into two categories.

(D] Large releases (ruptures), characterized by a hole with a diameter equal to the pipe diameter or, for
vessels and certain process equipment, a hole with a diameter equal to the diameter of the largest
attached pipe.

2 Catastrophic failure of avessel, characterized by arapid release of its contents.

Potential releases of LNG, natural gas, or other hydrocarbon fluids were considered for each areawithin the
proposed terminal, as were releases from the LNG tank ship.

2.2 I ntroduction to Physiological Effects of Firesand Overpressure

The consequence analysis performed for the proposed LNG terminal involved the evaluation of arange of
refrigerated and superheated liquid rel eases, aswell asreleases of ambient temperature and cold natural gas.
Each potential release could result in one or more of the following hazards.

» Exposure to thermal radiation from a torch fire, which is the result of ignition of a high velocity
release of natural gas, LNG, or other hydrocarbons.

» Exposure to thermal radiation from a pool fire, which is the result of ignition of a pool of LNG or
other hydrocarbons.

« Direct contact with flames due to aflash fire, which isthe result of delayed ignition of aflammable
vapor cloud following arelease of natural gas, LNG, or other hydrocarbons.

» Exposure to overpressure, which may be a result of delayed ignition of a flammable vapor cloud
created by arelease of natural gas, LNG, or other hydrocarbons.

In order to compare the impacts associated with each type of hazard listed above, acommon measure of con-
sequence must be defined. In this study, the primary consequence of interest is the effect of the hazard on
humans. For each of the fire and overpressure hazards listed above, there are benchmarks available that
define these effects. The exposure levels for the various hazards are discussed in the following sections.

2.2.1 Physiological Effectsof Exposureto Fires

The physiological effect of fire on humans depends on the rate at which heat is transferred from the fire to
the person, and the time the person is exposed to the fire. Skin that isin contact with flames can be seriously
injured even if the duration of the exposureisjust afew seconds. Thus, a person wearing normal clothing
islikely to receive serious burns to unprotected areas of the skin when directly exposed to the flames from
aflash fire (vapor cloud fire).
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People in the vicinity of aflash fire, pool fire, or torch fire, but not in contact with the flames, will receive
heat from thefirein theform of thermal radiation. Radiant heat flux decreases with increasing distance from
thefire, so personscloseto thefirewill receivethermal radiation at ahigher rate than personswho arefarther
away. The ability of afire to cause skin burns due to radiant heating depends on the radiant heat flux to
which the skin is exposed, and the duration of the exposure. Thus, short-term exposure to high radiant heat
flux levelscan beinjurious, but if apersonisfar enough fromthefire, theradiant heat flux will be so low that
it isincapable of causing injury, regardless of exposure time.

2.2.2 Physiological Effects of Overpressures

In the event of an ignition and deflagration of a flammable gas or aerosol cloud, the overpressure levels
necessary to causeinjury to people are often defined asafunction of peak overpressure. Unlikepotential fire
hazards, persons who are exposed to overpressure have no time to react or take shelter; thus, time does not
enter into the hazard relationship.

The physiological effectsof overpressures depend on the peak overpressure that reachesaperson. Exposure
to high overpressure levels may befatal. Persons located outside the flammable cloud when it ignites will
be exposed to lower overpressure level sthan personsinside the flammable cloud. If the personisfar enough
from the source of the overpressure, the overpressure isincapable of causing injuries.

2.2.3 Hazard Endpoint Criteria

The hazard endpoint criteria defined in this study correspond to hazard levels that might cause an injury.
With this definition, the injury level is defined for each type of hazard (radiant heat or overpressure
exposure). Table2-1 presentsthe endpoint hazard criteriaapproved by the South Coast Air Quality Manage-
ment District (SCAQMD) for previous work of this nature [SCAQMD, 2001].

Table2-1
Consequence AnalysisHazard Levels
(Endpoint Criteriafor Consequence Analysis)

Injury Threshold
Hazard Type

Exposgre Hazard L evel Reference

Duration
Radiant heat exposure 1,600 Btu/(hrift?) T
(torch and pool fires) 40 sec [5 kW/m?] 40 CFR 68 [EPA, 1996]
Explosion overpressure I nstantaneous 1.0 psig + 40 CFR 68 [EPA, 1996]
Flash fires (flammable Instantaneous Lower Flammable Limit | 40 CFR 68 [EPA, 1996]
vapor clouds)

40 CFR 68. United States Environmental Protection Agency RMP endpoints.

T Corresponds to second-degree skin burns.
Corresponds to partial demolition of houses, which might cause injuries to inhabitants.
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2.3 Selection of Accidental Release Case Studies I nvolving the LNG Terminal

The purpose of the accidental hazard case selection methodology isto define the maximum credible hazard
scenarios that might result in an impact to the public. The methodology is developed in five increments:

* Initial review of available documentation
* Detailed review of process flow diagrams (PFDs)
» Development of hazard scenarios

* Screening of hazard scenarios via hazards analysis
* Final selection of hazard cases

Written descriptions of the processes were studied to determine the physical and chemical transformations
occurring and the general flow of material inthefacility. Processflow diagrams (PFDs) were then reviewed
and compared to the written descriptions. Each of the major flow lines was evaluated individually to
determine the potential for producing a major hazard if aleak or rupture occurred.

The initial selection of hazard areas considered:

» Flammability and/or toxic nature of the chemicals

* Potential for aerosol formation (releases of streams considerably above their atmospheric boiling
point)

» Sizeof aline

* Normal flow ratein theline

* Inventory

* Severity of the process conditions

These factors were not weighted equally in the evaluation: flammability and/or toxic nature, potential for

aerosol formation, and process conditions were given more weight than the other factors.

The list of potential hazard areas was constructed using the preceding analysis. The data sheet for each
scenario contains the following information:

* Case number

Description of the area where release would originate (process equipment, vessel, etc.)
Stream number found on the PFDs

Stream or vessel temperature

Stream or vessel pressure

Physical state of the stream (gas, liquid, two-phase)

Total volume of the vessel or the nearest vessel

Liquid volume of the vessel or the nearest vessel

Linesize

* Normal flow rate of the line or vessel

The hazard zones resulting from the worst-case rel eases of similar hazard scenarioswere evaluated using the
CANARY consequence modeling software (Section 4) to determine which ones would have the greatest
potential for off-siteimpact (e.g., flash fire, pool fire, torch fire, overpressure).

Thefinal selection of hazard caseswasmade. These selectionsgenerally defined the maximum extent of any
credible potential hazard that could occur in the facility. In addition to the hazard cases selected during the
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analysisdescribed above, thefailure of both LNG storagetanksasaresult of asevere earthquakewas selected
for inclusion as a possible worst-case event.

In addition to evaluating the consequences of a severe earthquake, the impact of a tsunami on the terminal
wasevauated. Tsunamisarelong-period oceanicwavesgenerally caused by seismicactivity. Themagnitude
of the potential hazard is a function of the coastline configuration, sea floor topography, individual wave
characteristics, magnitude of the initiating event, and distance and direction from the source.

The largest recorded tsunami in the Long Beach or Los Angeles harbor areas had a run-up height of
approximately 5 feet. This tsunami was the result of the 1960 Chile earthquake of magnitude 9.5 on the
Richter scale. Thisisthelargest recorded earthquake. Smaller tsunamiswere also recorded inthe areafrom
1812 to 1975 [McCulloch, 1985].

Various estimates of tsunami run-up heights, primarily from distant sources, have been developed for the
project area. Synolakis[2003] estimated a 100-year run-up height of 8 feet and a500-year run-up height of
15feet for the POLB area. Morerecently, [Borrero, et al., 2005] estimated that atsunami of approximately
13 feet could occur at the LNG terminal site as the result of alarge, submarine landslide located 10 miles
southwest of the LNG terminal site.

Thetidal range in Long Beach Harbor generally varies between elevations -2 and +7 feet from mean lower
low water (MLLW) elevation, with an average water level of -4.8 feet MLLW.

The surface elevation of the proposed LNG terminal siteis approximately +20 to +25 feet MLLW, which is
well above the estimated elevation of the 100-year tsunami (+8 feet), even if it were to occur during avery
high tide. When the 500-year tsunami isconsidered (+15 feet), the site might experienceflooding onthe order
of 2 feet. Therefore, atsunami impacting the LNG terminal site is not considered an event that could cause
significant plant damage.

Theinitial fluid conditions for the largest accidental release scenarios identified for this analysis are given

inTable2-2. For each caseidentified, several potential hazardousoutcomesmight be possible(i.e., flashfire,
torch fire, pool fire, vapor cloud explasion).

2.4 Selection of Accidental Release Case Studies Involving LNG Tank Ships

A release of LNG from an LNG tank ship, either when the ship is approaching the LNG terminal or when it
is berthed at the terminal, could produce hazard zones that could affect persons and property outside the
boundaries of the proposed LNG terminal. Five such accident scenarios were selected for inclusion in this
study.

Thefirst set of accidental release casesfor LNG shipsare based on the LNG ship striking abreakwater asthe
ship is entering the port. If the water depth at the breakwater is sufficient, the LNG ship could strike the
breakwater bow first. For the purposes of this study, it was assumed that — under certain conditions — this
event could result in arelease of LNG from the cargo tank nearest the bow of the ship, which might escalate
until itinvolved al cargo tanks on the ship. Groundingsin the approach area (precautionary zone and main
channel) to the Port of Long Beach or in the Port waters were not considered credible events.
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Table 2-2
Initial Fluid Conditions for Selected Accidental Release Scenarios; LNG Ter minal

Fluid Fluid Fluid Normal
Description Temperature Pressure State Flow Rate

(EF) (psia) (Ib/sec)
Rupture of process equipment - location A* -252.8 109.6 Liquid 4,773.0
Rupture of process equipment - location B* -248.6 116.0 Liquid 75.0
Rupture of process equipment - location C* -167.3 567.2 Liquid 60.7
Rupture of process equipment - location D* -121.2 735.0 Liquid 121.4
Rupture of process equipment - location E* 54.8 689.9 Gas 364.1
Release from process equipment - location F* 1234 579.8 Liquid 76.0
Release from process equipment - location G* -9.4 207.0 Liquid 75.2
Release from LNG storage tanks following 9540 16.7 Liquid .
earthquake

* Details have been removed becausethisis considered to be Critical Energy Infrastructure Information (CEII)* by the
FERC

Another such accident isacollisioninvolving an LNG tank ship and another ship. Under certain conditions,
acollision could have the potential to cause arelease of LNG from one or more of the cargo tanks on the
LNG ship. Thus, the loss of LNG from one cargo tank, as the result of a collision, was included in the
analysis. For the purposes of this study, it was assumed that — under certain conditions — this event could
result in a release of LNG from the cargo tank nearest the bow of the ship, which might escalate until it
involved al cargo tanks on the ship.

If an LNG tank ship were to be unloading when a 500-year tsunami were to occur, the ship could elevate up
to 15 feet. The ship’s motion would result in several responses. First, the Powered Emergency Release
Couplings (PERCs) on the loading arm would close due to the arms moving outside of their envelope of
operation. Thiswould resultin arelease of afew litersof LNG (fluid between the closed valves). A second
result could be the breaking of the mooring lines due to the ship’s elevation. At this point, the ship may hit
another structure, ground on an object, or behit by another ship. Inall instances, the consequencesassociated
with these events would be no larger than those evaluated in the scenarios described above involving ship
collisions, etc.

25 Selection of Intentional Release Case Studies

Selecting releases that could be intentionally created by one or more persons required a different approach
than that used to define accidental releases. Accidental releases are defined as those that:

ICritical Energy Infrastructure Information (CEIl) Defined:
CEll isinformation concerning proposed or existing critical infrastructure (physical or virtual) that:
1. Relatesto the production, generation, transmission or distribution of energy;
2. Could be useful to a person planning an attack on critical infrastructure;
3. Isexempt from mandatory disclosure under the Freedom of Information Act; and
4. Gives strategic information beyond the location of the critical infrastructure.
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* have occurred in an LNG facility, or
* have occurred in an industry using similar types of equipment, or
« could reasonably be argued could occur in an LNG facility.

Conversely, selecting intentionally created releases of LNG or natural gas, due to sabotage or terrorism,
requires a broader, more creative approach. In order to define a representative list of intentionally created
releases, the following factors were considered.

» The primary target of the action (based on inventory, accessability, location, etc.)
» The obstacles to overcome in order to effect arelease from the target

It is important to recognize the distinction between selecting accidental release scenarios and selecting
intentional release scenarios. It is best summarized by the following statements.

» Accidental release scenarios are based on credible events, but not incredible events.
* Intentional release scenarios are based on possible events, but not impossible events.

Thedistinction between these sel ection criteriaiscritical to understanding the basis of thefollowing analysis.
Credible events are often defined as those that have some reasonable probability of occurring. This
probability is often based on the historical record of the industry (and similar industries) and is often
described in numerical and qualitativeterms. For example, arelease that might occur once in the lifetime of
afacility would be considered a credible accidental event. One example of how qualitative descriptions can
be associated with numerical valuesis presented in Table 2-3 [EN1473, 1997].

In general, releases that have the possibility to occur, but are considered to have a very low probability of
occurrence, are not considered in an accidental analysis. These events may be defined as incredible. An
example would be the failure of an LNG storage tank because it was hit by a meteorite. The probability is
not zero, it issimply very, very low.

A second class of events that have a non-zero probability of occurrence, but a higher probability than that
associated with being hit by ameteorite, might not beincludedin an accidental release analysis becausetheir
probabilities are below a predefined value. For example, if the probability of an eventislessthan 1.0 x 10°
per year, it might be excluded from an accidental analysis. When this approach is taken, some large
consequence/low probability events are excluded from an accidental analysis. An example of thiswould be
the accidental crash of acommercia jet into the LNG terminal. Aswith the meteorite example, the proba-
bility of this event is not zero, it issimply so low that it is not often considered a credible event.

When discussing intentional acts, it may not be possible to assign a numerical value to the probability of a
specific intentional act. In light of this, the discussion changes from credible/incredible to possible/
impossible. Inthefollowing section, several intentional events are described. The descriptionsinclude dis-
cussion of various obstacles that might need to be overcome in order to effect a release from the LNG
terminal. In each case, the sequence of events and the final outcome are defined as possible. This does not
mean they are likely or even credible, they are simply possible.

Using thisdefinition - that an intentional event issimply possible - the following events have been identified
for evaluation.
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Table 2-3
Probabilities Ranges

Range Description Probability of Occurrence
1 Frequent or quasi-certain event. more than 10%year
2 Possible but not very frequent event. 102 up to 10*/year
3 Rare Event. 10" up to 10°%/year
4 Extremely rare event. 10 up to 10°®%year
5 Improbable event. less than 10®/year
6 E\{ent of non-quantifiable probability (falling of mete- Unknown
orite, attempt on life or property, etc.).

25.1 ldentification of Primary Targets of an Intentional Event

The LNG import terminal is divided into three main operations; LNG storage, LNG and natural gasliquids
processing, and LNG transport by tank ship. Using these three operations as a guide, the following inten-
tional release base scenarios were identified as possible.

Table2-4

I ntentional Release Scenarios

Target

M echanism to effect release of
LNG, natural gas, or other hydrocarbon

LNG Storage Tank

Crash of commercia jet
Truck bomb near base of storage tank
Rocket-propelled grenade

LNG Process Equipment

Satchel charge placed by equipment

LNG Tank Ship

Crash of commercia jet

Boat bomb while tank ship is docked
Rocket-propelled grenade

Collision with another ship

Theseeight intentional base eventscover arange of potential impacts, aswell asavarying degree of difficulty
in regard to effecting a release of LNG, natural gas, or other hydrocarbons. This list is not intended to
identify all possibleintentional (terrorist or sabotage) events. It doesrepresent arange of events, all of which
are possible to some degree, but many of which are extremely unlikely simply due to obstacles that would
need to be overcome by the perpetrators.

2.5.2 Description of Intentional Release Events

A description of how each of thelisted intentional events might unfold is provided below. At several points
in each scenario, several possible actions are listed. Generally, only one of the possible actions allows the
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sequence of eventsto proceed toward effecting arelease from the target. This action ispresented initalics
in each event sequence table.

Inmost cases, it isimpossibleto define or cal cul ate aspecific conditional probability for each potential action
choice. For instance, assuming acommercial jet is successfully highjacked following take off, and that the
highjackersintend to crash the planeinto one of the LNG storage tanks, what isthe probability that the plane
will be shot down by the U.S. military? Such values cannot be known, although it is reasonable to assume
that the probability is not 100%.

The descriptions of intentional release events end with the release of LNG, natural gas, or flammable hydro-
carbons from the facility. The development of the probability of a successful intentional act is presentedin
Section 3. Calculations of the magnitude and potential impacts of a release of LNG, natural gas, or other
hydrocarbons following the listed intentional acts are presented in Section 4.

Thelist of intentional eventsisnot meant to beall-inclusive, rather it ismeant to span the range of intentional
events that can be described as possible for the LNG terminal.

2.5.2.1 Crash of Commercia Jet into LNG Storage Tanks

The premise behind thisintentional event isthat one or more individuals commandeer acommercial jet and
crash the plane into the LNG facility with the intention of hitting one or both of the LNG storage tanks.

Table 2-5
Terrorist-Hijacked Aircraft Crashing into Oneor both LNG Tanks

Action Notes

Terrorists avoid airport security

Unsuccessful - terrorists stopped; flight canceled or delayed There have been approximately 30
Successful - terrorists board aircraft million commercial flights (U.S. car-
riers) in the US since September 11,
2001, without a hijacking.

[NTSB, 5]
Terrorists commandeer the aircraft
Unsuccessful - aircraft lands Post- September 11, 2001, additional
Unsuccessful - aircraft crashes in-flight security measures (e.g., Air
Successful - aircraft commandeered Marshals, cockpit doors) have been

added to impede hijacking.

Assume Boeing 767 is the hijacked

aircraft.
Aircraft eludes US Air Force
Unsuccessful - aircraft forced to land Whether thiswill be effective de-
Unsuccessful - aircraft shot down pends on response time and clarity of
Successful - aircraft continues toward Long Beach threat.
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Table 2-5

Terrorist-Hijacked Aircraft Crashing into One or both LNG Tanks

(Continued)

Action

Notes

Terrorists hit the side of tank with aircraft

Unsuccessful - aircraft misses tank(s) altogether, crashes nearby

Unsuccessful - aircraft istoo high, hits top of tank, and does not
breach tank walls

Successful - aircraft hits side of tank

Flying very low to the ground at
high

speed in alarge jet takes consider-
able skill and thereisasmall margin
for error. The LNG tanks are
“small” targetsin comparison to the
World Trade Center or the Pentagon.

Onejet engine hits side of LNG storage tank

Unsuccessful - aircraft’s jet engines do not hit tank wall
Successful - one of the aircraft’s jet engines does hit side of tank
wall

Aircraft bodies, with the exception
of afew parts like the engines, are
“soft” in comparison to the full con-
tainment tank walls. Note that sig-
nificant aircraft debris did not exit
the World Trade Center buildings.

Only the jet engine coreis consid-
ered capable of penetrating full
containment tank wall.

Jet engines can hit only one LNG
storage tank since the engines are
approximately 50 feet apart and the
LNG storage tanks are spaced ap-
proximately 120 feet apart (shell-to-
shell). Thereis no mechanism for
each engineto hit adifferent LNG
tank at a near perpendicular angle.

Jet engine hits tank at near perpendicular angle

Unsuccessful - aircraft’ s jet engine(s) hit tank wall at obtuse

angle

Successful - one of the aircraft’s jet engines hits tank wall at
an angle such that the tank wall is penetrated

If an engine does not hit the tank
wall at a near perpendicular an-
gle, the engine may deflect off
the tank wall.

If the aircraft engineis assumed
to be a solid projectile (a conser-
vative assumption), then impact
analysis on the tank wall will de-
termine whether the engine can
penetrate the tank wall.
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2.5.2.2 Detonation of Truck Bomb by the Base of an LNG Storage Tank

The premise behind thisintentional actisthat one or moreindividual sdriveamoderate sized truck containing
explosives into the LNG facility, park the truck by one of the LNG storage tanks, then detonate the
explosives.

Table 2-6

Terrorist Detonates Truck Bomb Near LNG Tank

Action

Notes

Terrorists avoid POLB security

Unsuccessful - terrorists stopped, truck confiscated
Successful - entrance to POLB

To be successful, the terrorists must
either avoid or neutralize POLB se-
curity.

Terrorists avoid SES security

Unsuccessful - terrorists stopped, truck confiscated
Successful - entrance into SESLNG terminal; terrorists drive truck
toward LNG tank area

To be successful, the terrorists must
either avoid or neutralize SES secu-
rity.

Terrorists drive truck over impoundment wall toward tanks

Unsuccessful - unable to drive truck over impoundment wall
Successful - truck enters impoundment area

Security wall is approximately 20-ft
tall. Vehicular accessto the area
bounded by the security wall islim-
ited to one sloped roadway .

Terrorists park truck very near LNG tank wall

Unsuccessful - truck cannot be parked close enough to LNG tank
Successful - truck parked against or very close to LNG tank wall

Tank layout will determine how
close atruck can approach an LNG
tank.

Terrorists detonate explosivesin truck

Unsuccessful - explosivesfail to detonate
Successful - explosives detonate

Small probability that detonation
will not take place.

2.5.2.3 Firing a Rocket-propelled Grenade Into an LNG Storage Tank

The premise behind thisintentiona act isthat one or moreindividualsfire arocket-propelled grenade (RPG)
at one of the LNG storage tanks.
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Table 2-7

Terrorist Fires Rocket-propelled Grenade (RPG) Into Oneor both LNG Tanks

Action

Notes

Scenario A - Land-based approach

Terrorists avoid POLB security

Unsuccessful - terrorists stopped; RPGs confiscated
Successful - proceed to LNG facility

To be successful, the terrorists must
either avoid or neutralize POLB se-
curity.

Terrorists avoid SES security

Unsuccessful - terrorists stopped; RPGs confiscated
Successful - enters SESLNG terminal grounds and moves toward
LNG tank area

To be successful, the terrorists must
either avoid or neutralize SES secu-
rity.

Terrorists hit LNG tank with RPG

Unsuccessful - RPG misses tank

Unsuccessful - RPG hits tank at an oblique angle and does not
penetrate concrete wall

Successful - RPG hitstank at near perpendicular angle and pene-
trates concrete wall.

Scenario B - Water-based approach

Terrorists avoid POLB, City of Long Beach (COLB), and United States
Coast Guard (USCG) security

Unsuccessful - terrorists stopped; RPGs confiscated
Successful - enters West Basin

To be successful, the terrorists must
either avoid or neutralize three levels
of non-project security.

Terrorists avoid SES security

Unsuccessful - terrorists stopped; RPGs confiscated
Successful - enters SESLNG terminal grounds and moves toward
LNG tank area

To be successful, the terrorists must
either avoid or neutralize SES secu-
rity.

Terrorists hit LNG tank with RPG

Unsuccessful - RPG misses tank

Unsuccessful - RPG hitstank at an obligque angle and does not
penetrate concrete wall

Successful - RPG hitstank at near perpendicular angle and pene-
trates concrete wall.

2.5.2.4 Detonation of Satchel Charge by Process Equipment

The premise behind thisintentional act isthat one or moreindividuals place small explosive charges (satchel
charges) next to one or more pieces of equipment in the LNG terminal.

QUEST
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Table 2-8

Terrorist Detonates Satchel Char ge by Equipment

Action

Notes

Terrorists avoid POLB security

Unsuccessful - terrorists stopped, explosives confiscated
Successful - entrance to POLB

To be successful, the terrorists must
either avoid or neutralize POLB se-
curity.

Terrorists avoid SES security

Unsuccessful - terrorists stopped, explosives confiscated
Successful - terrorists enter SESLNG terminal and proceed to LNG
equipment area

To be successful, the terrorists must
either avoid or neutralize SES secu-
rity.

Terrorists place satchel charge very near important LNG equipment

Unsuccessful - choose minor equipment as target

Unsuccessful - satchel charge placed too far away from important
equipment to cause afailure

Successful - satchel charge placed against or very close to impor-
tant LNG equipment

Assumes terrorists know which
equipment would produce a signifi-
cant hazard if damaged.

Terrorists detonate satchel charge

Unsuccessful - explosivesfail to detonate
Successful - explosives detonate, resulting in failure of LNG equip-
ment (e.g. pipe, pump)

Small probability that detonation
will not take place.

2.5.2.5 Crash of Commercial Jet Into LNG Tank Ship Whileat LNG Terminal

The premise behind thisintentional event isthat one or more individuals commandeer acommercial jet and
crash theplaneinto an LNG tank ship whileit isdocked at theterminal. The required sequence of eventsfor
this act is similar to those for crashing a commercial jet into the LNG storage tanks.

Table 2-9

Terrorist-Hijacked Aircraft Crashing Into Berthed LNG Tank Ship

Action

Notes

Terrorists avoid airport security

Unsuccessful - terrorists stopped, flight canceled
Successful - terrorists board aircraft

There have been approximately 30
million commercial flights (U.S. car-
riers) in the US since September 11,
2001, without a hijacking.

[NTSB, 5]
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Table 2-9

Terrorist-Hijacked Aircraft Crashing Into Berthed LNG Tank Ship

(Continued)

Action

Notes

Terrorists commandeer the aircraft

Unsuccessful - aircraft lands
Unsuccessful - aircraft crashes
Successful - aircraft commandeered

Post- September 11, 2001, additional
in-flight security measures (e.g., Air
Marshals, cockpit doors) have been
added to impede hijacking.

Assume Boeing 767 is the hijacked
aircraft.

Aircraft eludes US military

Unsuccessful - aircraft forced to land
Unsuccessful - aircraft shot down
Successful - aircraft continues toward Long Beach

Whether thiswill be effective de-
pends on response time and clarity of
threat.

Aircraft approaches |loaded LNG tank ship at berth

Unsuccessful - LNG tank ship is not berthed
Unsuccessful - LNG tank ship at berth, but containslittle
cargo

Successful - loaded LNG tank ship is berthed at terminal

The LNG tank ship may not be at
berth or it may be nearly empty
and at the end of its unloading
operation.

Terrorists hit the LNG tank ship with aircraft

Unsuccessful - aircraft istoo high and misses LNG tank ship
altogether

Unsuccessful - aircraft istoo low and crashes before hitting
LNG tank ship

Successful - aircraft hits side or top of LNG tank ship

Flying very low to the ground at
high

speed in alarge jet takes consid-
erable skill and thereisa small
margin of error.

LNG tank shipsare “small” tar-
getsin comparison to the World
Trade Center or the Pentagon

2.5.2.6 Detonation of Boat Bomb Near the LNG Tank Ship Whileat LNG Termina

The premise behind thisintentional act isthat oneor moreindividual spilot asmall boat containing explosives
up to the LNG tank ship whileit is docked at the LNG facility, then detonate the explosives.
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Table 2-10
Terrorists Place Boat Bomb Beside LNG Tank Ship

Action Notes

Terrorists avoid POLB, COLB, and USCG security

Unsuccessful - terrorists stopped, explosives confiscated To be successful, the terrorists must
Successful - enters West Basin either avoid or neutralize three levels
of non-project security.

Terrorists avoid SES security

Unsuccessful, terrorists stopped, explosives confiscated To be successful, the terrorists must
Successful - approaches LNG tank ship mooring area either avoid or neutralize SES secu-
rity.

Terrorists detonate bomb

Unsuccessful - explosives do not go off How close the boat bomb must be to
Unsuccessful - explosives set off too far from LNG tank ship to the ship depends on the “size” of the
damage outer hull bomb.

Unsuccessful - explosives set off such that outer hull is breeched,
but inner hull is not breached

Successful - outer hull, inner hull, and cargo tank breeched by
blast

2.5.2.7 Firing an RPG Into an LNG Tank Ship Whileat LNG Termina

The premisebehind thisintentional act isthat one or moreindividualsfirean RPG at the LNG tank ship while
it isdocked at the LNG facility.

Table2-11
Terrorist Fires Rocket-propelled Grenade (RPG) Into LNG Tank Ship

Action Notes

Scenario A - Land-based approach

Terrorists avoid POLB security

Unsuccessful - terrorists stopped; RPGs confiscated To be successful, the terrorists must
Successful - entrance to POLB either avoid or neutralize POLB se-
curity.
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Table2-11

Terrorist Fires Rocket-propelled Grenade (RPG) Into LNG Tank Ship

(Continued)

Action

Notes

Terrorists hit LNG tank ship with RPG

Unsuccessful - RPG misses tank ship

Unsuccessful - RPG hits deck at an oblique angle and does not
penetrate deck

Unsuccessful - RPG hits outer hull of tank ship at an oblique angle
and does not penetrate hull

Unsuccessful - RPG hits outer hull of tank ship at near perpendicu-
lar angle and penetrates outer hull but not inner hull

Successful - RPG hits outer hull of tank ship at near perpendicular
angle and penetrates outer hull and inner hull.

Scenario B - Water-based approach

Terrorists avoid POLB, COLB, and USCG security

Unsuccessful - terrorists stopped; RPGs confiscated
Successful - enters West Basin

To be successful, the terrorists
must either avoid or neutralize
three levels of non-project secu-
rity.

Terrorists avoid SES security

Unsuccessful - terrorists stopped; RPGs confiscated
Successful - entrance into water near LNG tank ship

To be successful, the terrorists
must either avoid or neutralize
SES security.

Terrorists hit LNG tank ship with RPG

Unsuccessful - RPG misses tank ship

Unsuccessful - RPG hits outer hull of tank ship at an oblique
angle and does not penetrate outer hull

Unsuccessful - RPG hits outer hull of tank ship at near per-
pendicular angle and penetrates outer hull but not inner
hull

Successful - RPG hits outer hull of tank ship at near perpen-
dicular angle and penetrates outer hull and inner hull

2.5.2.8 Terrorist Controlled Ship Collides with LNG Tank Ship

The premise behind thisintentional event isthat one or more individuals commandeer a ship and causeit to

collide with an LNG tank ship.
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Table2-12
Terrorist-Controlled Ship Collideswith LNG Tank Ship

Action Notes
Terrorists commandeer a ship
Unsuccessful - terrorists stopped by crew or USCG Terrorists would need to overcome
Successful -terrorists gain control of ship. crew before crew could contact
USCG.

Terrorists sail ship toward full LNG tank ship

Unsuccessful - USCG foils attempt before LNG ship arrives To increase the odds of success, the

Unsuccessful - terrorists lack the knowledge needed to control the terrorists would need to avoid being
ship detected by the USCG and would

Successful - terrorist-controlled ship on collision course with LNG | need to calculate successful course.
tank ship

Terrorist-controlled ship collides with full LNG tank ship

Unsuccessful - error by terrorists causes their ship to missLNG
tank ship

Unsuccessful - evasive maneuvers by LNG tank ship result in near
miss

Successful - ships collide, causing damage to both ships

Collision between terrorist-controlled ship and LNG tank ship resultsin
failure of one LNG cargo tank

Unsuccessful - terrorist ship does not hit the cargo section of LNG
ship

Unsuccessful - momentum of terrorist ship not sufficient to cause
failure of acargo tank

Unsuccessful - terrorist ship strikes LNG ship at an angle too far
from perpendicular and does not penetrate outer hull

Successful - bow of terrorist-controlled ship penetrates outer hull,
inner hull, and cargo tank wall of LNG tank ship
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SECTION 3
DEVELOPMENT OF INCIDENT PROBABILITIES

3.1 Accidental Releasesof L NG, Natur al Gas, or Other Hydr ocar bon Fluidsinthe LNG Terminal

The probability of occurrence of an accident that resultsin the release of LNG, natural gas, or hydrocarbon
fluids is typically based on the historical record of occurrence of such accidents, or similar accidents
involving similar equipment and materials. This commonly used technique is valid for accidents
(unintentional events) because they are random events.

The likelihood of a particular accident occurring within some specific time period can be expressed in dif-
ferent ways. One way is to state the statistical probability that the accident will occur during a one-year
period. Thisannual probability of occurrence can be derived from failure frequency data bases of similar
accidents that have occurred with similar systems or components in the past.

Most data bases (e.g., CCPS [1989b], OREDA [1984]) that are used in this type of analysis contain failure
frequency data (e.g., on the average, there has been one failure of thistype of equipment for 347,000 hours
of service). By using the following equation, the annual probability of occurrence of an event can be cal-
culated if the frequency of occurrence of the event is known.

p 1-e*"

where: p " annual probability of occurrence (dimensionless)

A = annual failure frequency (failures per year)
t " time period (one year)

If an event has occurred once in 347,000 hours of use, its annual failure frequency is computed as follows.

. levent ) 8,760 hours
347,000 hours year

" 0.0252 events/year

The annual probability of occurrence of the event is then calculated as follows.
p " 1-e %2 = 9 0249

Note that the frequency of occurrence and the probability of occurrence arenearly identical. (Thisisaways
true when the frequency islow.) An annual probability of occurrence of 0.0249 is approximately the same
as saying there will probably be one event per forty years of use.

Due to the scarcity of accident frequency data bases, it is not always possible to derive an exact probability
of occurrence for a particular accident. Also, variations from one system to another (e.g., differencesin
design, construction, operation, maintenance, or mitigation measures) can alter the probability of occurrence
for a specific system. Therefore, variations in accident probabilities are usually not significant unless the
variation approaches one order of magnitude (i.e., the two values differ by afactor of ten).

31 QUEST



In developing the accidental probabilities for the largest accidental releases of LNG, natural gas, and other
hydrocarbons identified in Section 2, the references in Appendix A were used.

3.1.1 Example—Development of Event Treefor an Accidental Release from LNG Process Equip-
ment

A release of LNG into the atmosphere may create one or more hazardous conditions, depending on events
that occur subsequent to therelease. For afluid such asLNG that isflammable but not toxic, the possibilities

are:
@ Noignition. If aflammable vapor cloud forms but never ignites, the cloud dissipates.
(b) Immediate ignition. If ignition occurs nearly simultaneously with the beginning of the release, the

hazard may be thermal radiation from atorch fire (pressurized release) or pool fire (nonpressurized
release), or both in some instances.

(© Delayedignitionwith no significant overpressure generated. If thereisatimedelay betweenthestart
of the release and ignition of the release, a flammable vapor cloud will form. After ignition, there
will be avapor cloud fire (flash fire), possibly followed by apool fire or torch fire.

(d) Delayedignition with explosion. Thissituationisjust likethe previous case but, subsequent toigni-
tion, the vapor cloud explodesrather than burns. The strength of the overpressure devel oped during
the explosion will be dependent on the degree of congestion in the area. Congestion is defined by
the amount of void space (open air) in the volume occupied by the equipment, etc., inthe area. As
rule of thumb, low congestion would be defined as 90% void space (10% equipment) and high
congestion would be defined as | ess than 40% void space.

Each of these four possibilities has some probability of occurring, once arelease has occurred. The sum of
thesefour probabilitiesmust equal one. Theignition/explosion probabilitiesemployedinthisstudy aretaken
from an Institution of Chemical Engineersreport [Cox, Lees, and Ang, 1990]. The probabilities are afunc-
tion of the size of the release.

Consequences of the hazardous events that may occur after release of LNG are proportional to the size of the
release. Therefore, when cal culating thefinal outcome probability, itisnecessary to estimatethedistribution
of releases of various sizes. Thisistypically done by applying ahole size distribution. Information on hole
size distributionsisincluded in the data bases listed in Appendix A.

The calculations made for hole size and ignition probability are best illustrated by event trees. One of the
event trees prepared for thisstudy is presented in Figure 3-1. It beginswith the release of LNG from process
piping. Moving from left to right, the tree first branches into three release sizes, each being defined by the
diameter (d) of the hole through which the fluid is being released. Each of these three branches dividesinto
three branches based on ignition timing and probability. Each delayedignition branch dividesagain into two
branches: flash fire and vapor cloud explosion (VCE). At the far right of the event tree are the twelve
“outcomes’ that have some probahility of occurring if the initiating release occurs.

To arrive at the probability of a specific outcome, the probability of failure of the process equipment is
modified by the probability at each applicable branch of the event tree. The estimated annual probability of
occurrence of each possibleoutcome, per foot of pipe, islisted ontheevent tree. For example, the probability
of an immediate torch fire following a rupture of the piping leading to piece of process equipment can be
found by starting with the probability of afailure per foot of pipe per year (4.5 (10)® ft/yr and multiplying
it by the percent of time the failure would be arupture (5.6%), then multiplying it by the percent of time the
releaseisimmediately ignited (10%). Thisis calculated as:
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Figure 3-1
Example Event Treefor a Release of LNG from Process Equipment Piping
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4.5(10°° Jftiyr - 0.056 - 0.10= 2.5(10* )ftiyr

Thisvalueisthen multiplied by the amount of piping (x feet) in order to arrive at the total probability of a
rupture in the piping associated with the piece of process equipment that resultsin an immediate torch fire.

In general, small releases are the most likely to occur, the least likely to be ignited (small probability of
reaching an ignition source), and least likely to result in vapor cloud explosions (insufficient mass of gasin
the flammable gas cloud). The largest releases are the least likely to occur, the most likely to be ignited
(highest probability of reaching anignition source), themost likely to beignited immediately (theforce need-
ed to cause alarge rel ease may al so be capable of igniting therelease), and the most likely to result in avapor
cloud explosion (highest probability of being partially confined by obstructions).

Since the conditional probabilities for ignition and explosion in the event tree are not derived from an
historical data base, it could be argued that these probabilities should be increased or decreased. However,
even large changes (50%) in the individual probabilities will not make a significant change in the overall
analysis since increasing the probability of one event resultsin a decrease in the probability of some other
event.

Similar event treeswere constructed for all the accidental LNG, natural gas, and other hydrocarbon rel eases
listed in Table 2-2 (with the exception of the LNG storage tanksfailing asthe result of an earthquake, which
is discussed in Section 3.2). The final outcome probabilities of the largest releases (e.g., full ruptures)
identified are presented in Table 3-1.

Table 3-1
Accidental Release and Final Outcome Probabilities
o Probabilit Outcome

Release Description of Ruptur)e/: Outcome Probability Onceln
Immediate Torch/Pool Fire | 9.45x 108/ yr 10,660,000 yr
Rupture of process Del ayeq Torch/Pool Fire 1.32x 107/ yr 7,570,000 yr
equipment - location A * 9.45x 107 /yr | Flash Fire 1.32x 107/ yr 7,570,000 yr
Vapor Cloud Explosion 5.67 x 10%/ yr 17,600,000 yr
Dissipation 6.61x 107/ yr 1,510,000 yr
Immediate Torch/Pool Fire | 6.69x 10°/yr 149,000 yr
Rupture of process Delayed Torch/Pool Fire 9.36x 10°/yr 107,000 yr
equipment - location B * 6.69x 10°/yr | Flash Fire . 9.36x 10°/yr 107,000 yr
Vapor Cloud Explosion 4.01x 10°/yr 249,000 yr
Dissipation 4.68x 10°/yr 21,400 yr
Immediate Torch/Pool Fire | 6.60x 10°/yr 151,000 yr
Rupture of process Delayed Torch/Pool Fire 9.24x10°%/yr 108,000 yr
Uioment - location G * | 6:60% 10°/yr | FlashFire _ 9.24x 10°/yr 108,000 yr
equip Vapor Cloud Explosion 3.96x 10°/yr 252,000 yr
Dissipation 4.62x 10°/ yr 21,600 yr
Immediate Torch/Pool Fire | 5.28x 10°/yr 189,000 yr
Rupture of process Delayed Torch/Pool Fire 9.40x 10/ yr 106,000 yr
Uioment - location D * | 5:28%10°/yr | Flash Fire _ 9.40x 10°/ yr 106,000 yr
equip Vapor Cloud Explosion 3.17x10°%/yr 315,000 yr
Dissipation 3.70x 10°/ yr 27,000 yr
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Table3-1

Accidental Release and Final Outcome Probabilities

(Continued)
— Probability Outcome

Release Description of Rupture Outcome Probability Onceln
Immediate Torch/Pool Fire | 4.05x 107 /yr 2,470,000 yr
RUDLLIE Of DrOGESS Delayed Torch/Pool Fire 7.29x 107 / yr 1,370,000 yr
lfi’ ot _ploc conE+ | 405x10°/yr | FlashFire 7.29%x 107/ yr 1,370,000 yr
equip Vapor Cloud Explosion 8.10x 108/ yr 12,300,000 yr
Dissipation 2.83x 10/ yr 353,000 yr
Immediate Torch/Pool Fire | 3.80x 107 /yr 2,630,000 yr
Release from Drocess Delayed Torch/Pool Fire 5.32x 107 /yr 1,880,000 yr
o e« | 380X 10°/yr | FlashFire 532x107/yr | 1,880,000 yr
equip Vapor Cloud Explosion 2.28x107/yr 4,390,000 yr
Dissipation 2.66x 10/ yr 376,000 yr
Immediate Torch/Pool Fire | 4.79x 107 /yr 2,090,000 yr
Release from Drocess Delayed Torch/Pool Fire 6.71x 107/ yr 1,490,000 yr
Uioment - Icf’c aion G* | +T9X 10%/yr | Flash Fire 6.71x 107/ yr 1,490,000 yr
equip Vapor Cloud Explosion 2.88x107/yr 3,470,000 yr
Dissipation 3.35x 10/ yr 298,000 yr

* Details have been removed because thisis considered to be Critical Energy Infrastructure Information (CElI) by the
FERC

3.2 Accidental Releases of LNG from LNG Storage Tanks and Tank Ships

3.2.1 Earthquake-induced Failure of Both LNG Storage Tanks

Like al structures built from metal and concrete, LNG storage tanks can be damaged by a seismic event
(earthquake) if the earthquakeis strong enough to produce ground accel erations that exceed the limits of the
structure. A research and consulting agency established by the government of the Netherlands (Netherlands
Organization for Applied Scientific Research, commonly referred to as TNO) has estimated the probability
of an accidental instantaneous rel ease of the contents of afull-containment storage tank to be 1x10® per year
[TNO, 1999]. In the absence of historical datafor earthquake-induced failures of full-containment storage
tanks (i.e., no such failure has ever been recorded for an LNG storage tank), 1x10°® is often referenced within
astudy to represent the annual probability that afull containment LNG tank could fail.

Site-specific studiesARUP, 2005, KBR, 2005, and URS/KBR, 2005] for the proposed LNG import terminal
inthe POL B found threefaultswithin seven km of the proposed terminal. Ananalysisof thestructural design
of the LNG tanks found that a peak ground acceleration greater than 1.14 g would be required at the LNG
tank location before the forces on the tank might initiate afailure. In order for the Palos Verdes fault (four
km away) to produce a peak ground acceleration of 1.14 g or higher, an earthquake exceeding 9 on the
Richter scalewould berequired. Thisfaultisconsidered“unrealistic” inthe seismic assessment [KBR, 2005]
that determined that the frequency of such an earthquake would be once in 20,000 years (5x10° per year).
The two remaining faults in the area; Newport-Inglewood and THUMBS-HB were determined to not be
capable of producing an earthquake that would produce the peak ground accelerations at the site that may
cause tank failure.
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Using the site-specific analysis performed for the proposed POLB full containment tanks, the failure of one
or both tanks due to an earthquake has been defined as credible for this work (i.e., the failure frequency is
greater than 1x(10)® per year). Using the LNG-specific EN1473 frequency definitions (see Table 2-3), the
failure of one or both LNG tanks due to an earthquake would fall in Range 3, a Rare Event. The State of
California s Risk Management Program (RMP) requires the evaluation of hazardous materia rel eases that
are defined as probable. In applying the RMP definitions to hazardous material releases, the Los Angeles
County Fire Department’s guidelines (LACFD, 1991) define the following categories of probability of
occurrence of a hazardous material release.

Frequent = More than once ayear (> 1x(10)° per year).

Periodic = Onceevery 1to 10 years (1x(10)° to 1x(10)* per year). At least once each decade.

Occasional = Once every 10 to 100 years (1x(10)* to 1x(10) per year). Probably during the life of the
project..

Possible = Once every 100 to 10,000 years (1x(10)? to 1x(10)* per year). Not expected, but could
occur.

Improbable = Not for 10,000 or more years (< 1x(10)™ per year). Not expected or likely to occur at all.

The consequences associated with an earthquake-induced failure of one or both LNG storage tanks will be
included in the foll owing worst-case consegquence analysis because they are credible. However, thefailure
of oneor both tanks dueto an earthquakeis defined asimprobabl e per the State of CaliforniaRMP guidelines
and would not be included in an RMP consequence evaluation.

3.2.2 Reeaseof LNG from Ship’s Cargo Tank asa Result of Colliding with the Breakwater

If an LNG tank ship were to strike a massive fixed object at sufficient speed, there is a possibility that the
impact could result in arelease of LNG from a cargo tank (most likely the tank nearest the bow). A study
of the mechanics of LNG ship collisions [Greuner and Bickenhauer, 1980] concluded that if a 125,000 m?
LNG tank ship were to strike a jetty, a“ dangerous situation” would occur only if the ship was moving at a
speed of more than 10 knots at the time it hit the jetty. It isexpected that LNG tank shipswill be moving at
speeds lower than 10 knots when in the vicinity of the breakwater in the POLB.

According to the Los Angeles/L ong Beach Harbor Safety Plan [POLB, 2004], the vessel speed limitsin the
precautionary zone (outside the breakwater but inside the Sierraand Whiskey buoys) is 12 knots. Thevessel
speed limit inthe Main Channel is 10 knots and the vessel speed limit everywhere elsein the Port is 6 knots.

According to industry records [GIIGNL, 2003], there have been approximately 40,000 loaded voyages of
LNG tank ships since the commercial marine transport of LNG began in 1959. Since split cargoes (i.e.,
unloading part of the cargo at one terminal and the rest of it at another terminal) are rare in the LNG trade,
it can be assumed that 40,000 ballast voyages (i.e., voyages with the cargo tanks being nearly empty) have
also been completed by LNG tank ships. Combining loaded voyages and ballast voyages, and assigning one
port call for each voyage (either to be loaded or to be unloaded), results in approximately 80,000 port calls.
Thus, there have been about 80,000 chances for an LNG ship to strike afixed object whilein or near aport.
Two such incidents have been reported [Hazardous Cargo Bulletin, January, 1998 and April, 1996.]. The
integrity of the cargo tanks was not compromised in either of these two incidents.
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In the absence of sufficient historical data, one way of estimating the frequency of occurrence of an event in
which LNG would be released from a cargo tank due to damage caused by the ship striking a fixed object
(such as the breakwater) is to assume that such an event occurstomorrow. The assumed frequency of such
an event would then be once in 80,000 port calls, or 1.25 x 10”° per port call.

3.2.3 Reeaseof LNG from Ship’s Cargo Tank(s) asa Result of Colliding with Another Ship

A collision between an LNG tank ship and another ship could result in arelease of LNG from a cargo tank
onthe LNG ship, if the momentum (i.e., mass and speed) of the other ship isgreat enough to causethefailure
of the LNG ship’s outer hull, inner hull, and cargo tank wall. The resistance of LNG ships to this type of
event has been the subject of several studies, as reported in various publications [e.g., Greuner and
Bdckenhauer, 1980; FERC, 1996; and Eagle L yon Pope, 2001]. Theseanalyses predicted the minimum speed
at which the non-LNG ship would need to be moving at the time of the collisionin order to inflict sufficient
damage to the LNG tank ship. This critical speed was shown to depend on the momentum of the non-LNG
ship; the angle at which that ship strikes the LNG ship; the separation distance between the outer and inner
hulls of the LNG ship; and whether the LNG ship is moored or not at the time of the collision.

For agiven sizeand type of non-LNG ship, thecritical speedislowest whenthat shipismovinginadirection
perpendicular to the LNG ship at thetime of the collision. Asan example, consider a64,000 dwt bulk carrier
or an 82,000 dwt ail tanker striking a membrane tank LNG ship at an angle of 90 degrees. If the LNG tank
ship is moored, the critical speed of the striking ship is 3.0 knots [Eagle Lyon Pope, 2001; FERC, 1996].

Asdiscussed in section 3.2.2, there have been about 80,000 chances for an LNG ship to be struck by another
shipwhileinor near aport. Eight suchincidentshave been reported [Davis, 1979; Thomasand Lakey, 1993;
and LNG OneWorld website], but none of these eight incidents resulted in any release of cargo.

Sincethereisno historical record of acollisioninwhich LNG wasreleased, the method described in sections
3.2.2and 3.2.3 was used to make an estimate of thefrequency of occurrence of an eventinwhich LNG would
be released from a cargo tank as aresult of a collision between and LNG ship and another ship (i.e., assume
that such an event occurstomorrow. The assumed frequency of such an event would then be once in 80,000
port calls, or 1.25 x 10°° per port call.

This assumed frequency applies only to collisions that occur outside the POLB breakwater, where there is
room to maneuver alarge non-LNG ship at a speed of 3 knotsor more, or asmall ship (3,000 dwt) at a speed
of 12.8 knots or more [Eagle Lyon Pope, 2001]. Outside the breakwater, there is a Precautionary Zone
(shown in Figure 3-2) in which the speed limitis 12 knots. Ships approaching the POLB must be within the
Main Channel, which is outside the breakwater, in order to enter the Outer Harbor. Ships in the Main
Channel are restricted to a maximum speed of 10 knots. Inside the breakwater, all ships are restricted to a
maximum speed of 6 knots. If an LNG tank ship were to be struck by asmall ship (e.g., 3,000 dwt) moving
at a speed of 6 knots, the small ship would not have sufficient momentum to penetrate the inner and outer
hulls of the LNG tank ship. Thus, once inside the breakwater, aship collision could result in aspill of LNG
only if the non-LNG ship involved in the collision is alarge ship, and only if the non-LNG ship is moving
inadirection nearly perpendicular to the LNG ship when the collision occurs. Thelimited dimensions of the
port in the areanear the proposed terminal would makeit very difficult for alarge non-LNG ship to makethe
maneuvers necessary for it to strike the side of an LNG ship while moving at a speed at or above the critical

speed. Therefore, this accident is assumed to occur outside the breakwater.
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33 Terrorist-Induced Releases of LNG, Natural Gas, or Other Hydrocarbon Fluidsin the LNG
Terminal

A portion of the qualitative risk analysis of the proposed LNG import terminal in the POLB is centered on
estimating the likelihood of a successful terrorist attack on the terminal or shipping operations. Once
calculated, this likelihood, or probability can be compared to the probability of the largest worst-case
accidental releases.

Unlikeeventsthat are accidental in nature, it isimpossibleto predict the probability of occurrence of specific
intentional events (such as those perpetrated by vandals or terrorists). Only the perpetrators of such events
know when and where an event will occur. However, within the United States, it isclear that such eventsare
rare or else the historical record of major hazardous events would be skewed as a result of intentional acts.
(Thishasoccurred in some countries. For example, in Colombia, the acts of terrorists, rebels, guerrillas, etc.,
areamgjor cause of pipeline failures).

There is some indication that flammable fuel facilities in the United States are not an attractive target for
sophisticated terrorist attacks. InaMarch, 2003, United States General Accounting Officereport to Congres-
sional Requesters [GAO, 2003], the GAO places focus of potential terrorist attacks on chemical facilities
(though it does mention alate-1990s plot to attack alarge propane storage facility in California). Thiscan
be seen in the following excerpt from the report.

Experts agree that chemical facilities present an attractive target for terrorists intent on
causing massive damage because many facilities house toxic chemicals that could become
airborne and drift to surrounding areas if released. Alternatively, terrorists could steal
chemicals, which could be used to create a weapon capable of causing harm. [The
Department of] Justice has been warning of the terrorist threat to chemical facilitiesfor a
number of years and has concluded that the risk of an attempt in the foreseeable future to
causeanindustrial chemical releaseisbothreal and credible. Infact, according to Justice,
domestic terrorists plotted to use a destructive device against a U.S facility that housed
millions of gallons of propane in the late 1990s. In testimony on February 6, 2002, the
Director of the Central Intelligence Agency warned of the potential for an attack by al
Qaeda on chemical facilities.

Some chemical facilities may be at higher risk of a terrorist attack than others when they
contain large amounts of toxic chemicalsand arelocated near population centersassuming
that the objective is a catastrophic release. Attacks on such facilities could harm a large
number of people, with health effectsranging frommildirritationto death, causelarge-scale
evacuations, and disrupt thelocal or regional economy. No specific data are available on
what the actual effects of successful terrorist attacks on chemical facilitieswould be. How-
ever, facilities subject to the RMP provisions submit to EPA estimates of the potential
conseguencesto surrounding communitiesof hypothetical accidental “ worst-case” chemical
releasesfromtheir plants. Theseestimatesincludetheresidential population located within
the range of a toxic gas cloud produced by a “ worst-case” chemical release, called the
“wulnerablezone.” Accordingto EPA, 123 chemical facilitieslocated throughout the nation
have toxic “ worst-case” scenarios where more than one million people would be in the
“wvulnerable zone” and could be at risk of exposureto a cloud of toxic gas. About 600 facil-
itiescould each potentially threaten between 100,000 and a million people, and about 2,300
facilities could each potentially threaten between 10,000 and 100,000 people within these
facilities’ “ vulnerable zones.”
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A second comment in the report reinforces the conclusion that anti-terrorism activities should be centered on
chemical facilities, not flammable facilities.

Flammable chemicals affect fewer people because the distance the flammable substance
travels tends to be significantly shorter.

Thereport goeson to describe thefindings of the U.S. Army related to estimating the impacts from chemical
releases. Flammable facilities were not included in the Army analysis.

The Army has al so estimated high potential damage to the population fromatoxic chemical
release. During a 2001 informal meeting with a number of agencies, the Army Office of the
Surgeon General proposed, based on generic estimates, that it was conceivabl ethat asmany
as 2.4 million people could request medical treatment if a terrorist caused a release of a
toxic chemical [U.S. Army, 2001]. According to officials from that office, these estimates
include anyonewho seeks medical attention asaresult of therelease—including peoplewith
minor irritationsor concerns. Finally, a 2002 Brookings Institution report ranks an attack
on toxic chemical plants behind only biological and atomic attacks in terms of possible
fatalities [ Brookings Institution, 2002]. [GAO, 2003]

Experts in consequence and risk assessment would agree with these findings simply based on the ability of
arelease to inflict injuries. For example, a derailment of a chlorine railcar, accidental or intentional, that
resulted in alarge leak from a puncture, could result in atoxic vulnerability zone extending approximately
three miles from the railcar [ Software Program: RMP*Comp]. People inside this vulnerability zone could
be exposed to 20 ppm of chlorine for a significant amount of time. 20 ppm of chlorine is the Emergency
Response Planning Guideline-3 (ERPG-3) value, which is defined as;

The maximumairborne concentration belowwhichitisbelieved nearly all individualscould
be exposed for up to 1 hour without experiencing or developing life-threatening health
effects.

The U.S. EPA uses the ERPG-2 concentration level in its Risk Management Plan (RMP) program. The
ERPG-2 concentration level for chlorineis 3 ppm. ERPG-2 is defined as;

Themaximumairborne concentration belowwhichitisbelieved nearly all individualscould
be exposed for up to 1 hour without experiencing or developingirreversibleor other serious
health effects or symptoms that could impair their abilities to take protective action.

The chlorinerailcar release could create an ERPG-2 vulnerability zone approximately eight milesin radius
[Software Program: RMP* Comp].

This example is presented to show that toxic chemicals are a more effective terrorist target than flammable
fuel facilities. Aswill be shown in Section 4, no release from the LNG terminal, accidenta or intentional,
can produce as large an impact on Long Beach as that from asingle railcar of chlorine.

Using the EPA data[GAO, 2003; Belke, 2000], it is possible to define the number of facilities that would
haveimpacts on the surrounding residential popul ation and subdividethesefacilities based on the magnitude
of theimpact following aworst-case event. For instance, for the facilities storing or using toxic chemicals,
the following data are available as a result of the EPA Risk Management Plan (RMP).
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Table3-2
EPA RMP Data for Facilitieswith Toxic Chemicals

Number of U.S. Facilities

with Threshold Amounts of Listed Toxic Materials Affecting this Number of People

123 More than 1,000,000

586 100,000 to 1,000,000
2,306 10,000 to 100,000
4,713 1,000 to 10,000
3,973 100 to 1,000
1,430 10to 100

855 1to 10

Thefollowing note accompaniesthelist presentedin Table 3-2. Thistable“includesonly thosefacilitieswith
toxic chemicals that could lead to a "worst-case” scenario. Facilities that only have flammable chemical
"worst-case" scenarios are not included. Flammable chemical s affect fewer people because the distance the
flammabl e substance travel stendsto be significantly shorter.” This statement isborne out by the flammable
fuels data reported to the EPA as part of the RMP program [Belke, 2000].

Table 3-3
EPA RMP Data for Facilitieswith Flammable Chemicals

Number of U.S. Facilities

with Threshold Amounts of Listed Flammable Materials Affecting this Number of People

0 More than 1,000,000
0 100,000 to 1,000,000
40 10,000 to 100,000
250 1,000 to 10,000
720 100 to 1,000
650 10to 100
1,515 1to 10

A comparison of Tables 3-2 and 3-3 clearly shows why terrorists might target a facility that stores or uses
toxic chemicalsin preference to afacility that stores or uses flammable chemicals.

Combining the toxic and flammable fuels facilities into one overall list produces Table 3-4.
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Table3-4
EPA RMP Datafor all Facilities

Number of U.S. Facilities

with Threshold Amounts of Affecting this Number of PeOple
Listed Toxic or Flammable M aterials
123 More than 1,000,000
586 100,000 to 1,000,000
2,346 10,000 to 100,000
4,963 1,000 to 10,000
4,693 100 to 1,000
2,080 10to 100
2,370 1to10

Usingthe EPA’ sRM P* Comp model [ Software Program: RM P* Comp], aworst-case cal cul ation can be made
in order to place the proposed LNG terminal in the proper impact category in Tables 3-3 and 3-4. The
RMP* Comp program cal culates a 0.8 mile vulnerability zone for the proposed LNG terminal. A review of
the 2000 US Census data using the program LandView®6 [ Software Program: LandView®6] shows there
are no residential members of the public within 0.8 miles of the LNG terminal. The Port of Long Beach has
estimated that a maximum of 900 workers might be within the 0.8 mileradius circle at any one point in time
[S. Crouch, POLB]. Using this data, it is possible to place the proposed LNG terminal in the category that
represents the range of 100 to 1000 people within the project’ s vulnerability zone.

The EPA data base provides a consistent way to review the potential worst-case hazards from over 17,000
facilitiesinthe U.S. For the purposes of thisstudy, only facilitiesthat can produce worst-case impactsin the
range of the proposed LNG terminal (100 to 1000 affected people) or greater will be considered. Thus,
facilities that have the potential to affect 1 to 10 and 10 to 100 people are removed. Thisresultsin 12,711
facilities that have the potential to affect 100 people or more (from 100 to over 1,000,000).

The EPA RMP data provide anumerical accounting of the number of U.S. facilitiesthat might be considered
aterrorist target and the potential worst-case impacts following arelease from the facilities. The next step
in developing a potential “terrorist act” frequency for these facilitiesis to define a time period of review.

Several high profileterrorist actshaveinvolved U.S. citizensover the past twenty years. A list of such events
would include,

June 24, 1985 Highjacking of TWA 847 (Beirut, L ebanon)

October 7, 1985 Highjacking of Achille Lauro (off the coast of Egypt)

December 21, 1988 Bombing of Pan Am 103 (L ockerbie, Scotland)

February 26, 1993 Bombing of World Trade Center (New Y ork, New Y ork)

April 19, 1995 Bombing of Oklahoma City Federal Building (Oklahoma City, Oklahoma)

September 11, 2001  Highjacking of four domestic flights and resultant crashes into the World
Trade Center (New Y ork, New Y ork), Pentagon (Arlington, Virginia), and
a Pennsylvaniafield.
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Fromthislist, terrorist actson U.S. soil started no later than February of 1993, with the first bombing of the
World Trade Center. It should also be noted that we know of no successful terrorist-initiated act having ever
occurred in the facilities covered by Table 3-3 or 3-3. If it is assumed that a successful terrorist event
happened tomorrow in any one of the 12,711 facilities, then the frequency of a successful terrorist act could
be derived as follows.

levent or levent
11 years-12,711 facilities 139,821 facility-years
— 715x10° successful terrorist events
year

Thiscan bethought of asapproximately seven chancesinamillion per year that asuccessful terrorist-induced
failure would occur in any one of the 12,711 facilities that could have impacts of the same magnitude, or
larger than, the impact associated with the proposed LNG import terminal in the Port of Long Beach.

34 Security of the LNG Import Terminal

The proposed LNG import terminal will work with local and federal agencies in regard to the physical
security of the terminal. For obvious reasons, security plans, actions, and responsibilities will not be
described inthisreport. Those descriptionsare not necessary since the potential impacts associated with any
intentionally-induced release from the facility is simply defined as possible or impossible. Within the
framework of the possi bl e/impossible definition of asuccessful terrorist event, it hasbeen assumed that it may
be possible to overcome all possible layers of security. This does not mean that aterrorist-induced release
from the LNG import terminal or shipping activitiesislikely, credible, or incredible. 1t ssmply means that
under very specific circumstances, aterrorist-induced release may be possible.

In general, the agencies that would have the most visible local security impact in reference to the LNG
terminal operation and LNG tank ship movement security are those listed below.

City of Long Beach

Port of Long Beach

Project security for the import terminal

United States Coast Guard
The majority of the 12,711 facilities referenced in Section 3.3 that have as large or larger potential impacts
on the public than the proposed LNG import terminal, have some level of security associated with their
operations. The multi-tiered security systemsthat will bein placeinthe POLB LNG import terminal exceed
the security measures in most of the referenced flammable fuel facilities.
Assuming 7.15x (10)®/ year isthe historical record of asuccessful terrorist event in aflammablefuel facility
asastarting point, it can be argued that the probability of asuccessful event at the LNG terminal inthe POLB

isless since there are additional levels of security associated with the terminal that are not present in al the
flammable fuels facilities in the data base.
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SECTION 4
CONSEQUENCE ANALYSIS

Significant portions of Section 4 describing the calculations made to determine the size and location of
possible releases have been removed due to FERC CEII concerns.

41 Development of Release Sizesfor Accidental Events

For each of the accidental and intentional releases described in Section 2, the final step in developing the
information necessary to perform the consequence modeling is the definition of the events that result in a
release of LNG, natural gas, or hydrocarbons from the separation plant.

411 Sizeof Release Area Following Accidental Failure of Process Equipment

Definitions of the release areas for accidental failures of process equipment are drawn from equipment
reviews. For equipment failures, such as pipe ruptures, the highest initial release rate is defined by afull
rupture of the associated piping.

4.1.2 Sizeof Release Area Following Failure of LNG Storage Tanks Dueto an Earthquake

Full containment tanks are constructed to standards that preclude some types of failures that might occur in
other tank designs. For example, if the inner tank is overfilled, the concrete outer tank will not fail. The
concrete outer tank is designed to withstand specific earthquake loads as defined in 49 CFR 193 without loss
of product.

As described in Section 3.2.1, an earthquake of a magnitude exceeding the design standards could
conceivably cause afailure of the inner tank and outer concrete tank, resulting in arelease of LNG. For the
purposes of thisstudy, whichisto defineworst case events, wewill assume one or morelarge cracks develop
in the concrete containment wall (aswell asthe inner tank) with aresultant release area sufficiently largeto
effect arapid release of the tank’ s contents. A large hole in the tank is designed to be representative of an
instantaneous catastrophic failure. A catastrophic tank failure scenario isdefined asacredible but extremely
unlikely event by TNO [TNO, 1999] and the POLB site-specific analysis [KBR, 2005)].

An earthguake of the magnitude necessary to fail afull containment tank would be capable of toppling the
security wall surrounding thetwo LNG tanks. Thetoppled wall would eventually allow the LNG to overflow
the base of the security wall.

413 Sizeof Release Areain LNG Tank Ship Following Collision with Breakwater

One possible consequence of an LNG tank ship colliding with the breakwater while entering the Port is a
failure of one of the membrane cargo tanks. A second scenario that was eval uated i s based on the assumption
that the large rate of loss of LNG from one cargo tank compromises the integrity of the inner hull and, over
time, leadsto sequential releasesfrom the remaining LNG cargo tanks. Thefailuresin the subsequent tanks
were assumed to be caused by cracking of portionsof theinner hull, followed by tearsin the membranetanks.
The initial tank failure was assumed to occur in the cargo tank nearest the bow of the ship (the point of
collision with the breakwater). Thefailures progressed toward the stern of the ship. Each tank was assumed
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tofail fiveminutesafter the previoustank failure. Thus, for amembrane tank ship with five cargo tanks, this
assumption resultsin all five tanks releasing cargo within 20 minutes of a collision with the breakwater.

414 Sizeof Release Areain LNG Tank Ship Following Collision with Another Ship

If an LNG tank ship were to be hit by another ship of sufficient size and speed such that LNG were to be
released from one of the membrane tanks [Pitblado, et al., 2004], the sequence of eventswould be similar to
those following a collision of an LNG tank ship with the breakwater.

A second scenario that was evaluated is based on the assumption that the rate of loss of LNG from one cargo
tank compromised theintegrity of theinner hull and, over time, led to sequentia rel easesfrom the remaining
LNG cargo tanks. The failuresin the subsequent tanks were assumed to be caused by cracking of portions
of the inner hull, followed by tears in the membrane tanks. The subsequent failures were assumed to occur
in five minute intervals. For amembrane tank ship with five cargo tanks, this assumption resultsin al five
tanks releasing cargo within 20 minutes of a collision with another ship.

A summary of the LNG storage tank and LNG tank ship accidental failuresis presented in Table 4-1.

Table4-1
Accidental Releases from LNG Storage Tanksand LNG Tank Ships

Release From

Release from LNG storage tanks following earthquake

Release from LNG tank ship following collision with the breakwater - 1 tank fails

Release from LNG tank ship following collision with the breskwater - 5 tanks fail

Release from LNG tank ship following collision (outside breakwater) with another ship of sufficient size and
speed - 1 tank fails

Release from LNG tank ship following collision (outside breakwater) with another ship of sufficient size and
speed - 5 tanksfail

4.2 Development of Release Sizes for I ntentionally-Induced Events

4.2.1 Sizeof Release Area Following Intentionally-Induced Failuresin Process Equipment

The mechanism defined asthat used to cause anintentional failure among the process equipment inthe LNG
terminal is an explosive charge (e.g., satchel charge). Whether a process pipe or vessel ruptures due to an
explosive device or an accidental failure, the release areais assumed to be the same —the area of aruptured
line attached to the vessel.

4.2.2 Sizeof Release Area Following Commercial Airplane Crash into LNG Storage Tank
Table 2-5 presented a sequence of eventsthat could lead to an intentional crash of acommercial jet airplane

into an LNG storagetank. Table4-2 definesthe sequence of eventsthat could resultin areleaseof LNG from
the full containment storage tanks following the plane’ s impact.
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Table4-2
Terrorist-Hijacked Airplane Crashing Into One or Both LNG Tanks

Consegquence Notes

Jet engine hitstank wall at near perpendicular angle. All supporting calculations, documentation, and
referencesin regard to calculating the size and
location of potential release area(s) for this
scenario have been removed due to FERC CEl|
concerns.

Engine penetrates LNG storage tank concrete shell.

Engine penetrates LNG storage tank insulation and inner
nickel steel tank.

LNG will bereleased from ahole in the inner (nickel steel)
and outer (concrete) shell.

Vapors evolving off LNG will immediately be ignited.

LNG will spread over the area surrounding the LNG tanks.

LNG will escape the area enclosed by the security wall.

LNG flows over land and onto the water surface.

4.2.3 Release From an LNG Storage Tank Following a Truck Bomb

Table 2-6 presented a sequence of events that could lead to an explosion of atruck bomb beside an LNG
storage tank. Table 4-3 defines the sequence of events that could result in a release of LNG from a full
containment storage tank following detonation of atruck bomb.

Table4-3
Terrorist Detonates Truck Bomb Near an LNG Tank

Conseguence Notes

Explosives detonate, resulting in holein LNG tank and All supporting calculations, documentation, and
surrounding security wall. references in regard to calculating the size and
location of potential release area(s) for this
scenario have been removed due to FERC CEl|
concerns.

LNG will be released from the storage tank.

Vapors evolving off LNG will immediately be ignited.

LNG will spread over the area surrounding the LNG tanks.

LNG will escape the area enclosed by the security wall.

LNG flows over land and onto the water surface.
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424 Release From an LNG Storage Tank Following the Impact of a Rocket-propelled Grenade

Table 2-7 presented a sequence of events that could lead to one of the LNG storage tanks being hit by an
RPG. Table4-4 definesthe sequence of eventsthat could result in arelease of LNG from afull containment
storage tank following the impact of an RPG.

Table4-4
Terrorist Fires Rocket-propelled Grenade (RPG) Into One or Both LNG Tanks
Conseguence Notes
RPG hitstank at near perpendicular angle. All supporting cal culations, documentation, and

references in regard to calculating the size and
location of potential release area(s) for this
scenario have been removed due to FERC CEl|
concerns.

RPG warhead penetrates storage tank.

LNG will bereleased from asingle hole.

425 Release From LNG Tank Ship Following Crash of Commercial Airplane

Table 2-9 presented a sequence of eventsthat could lead to an intentional crash of acommercial jet airplane
into an LNG tank ship docked at theterminal. Table 4-5 defines the sequence of eventsthat could result in
arelease of LNG from the LNG tank ship following the plane’ simpact.

Table4-5
Terrorist-Hijacked Airplane Crashing Into an LNG Tank Ship
Conseguence Notes
Jet aircraft hits tank ship. All supporting calculations, documentation, and

references in regard to calculating the size and
location of potential release area(s) for this
scenario have been removed due to FERC CElI
concerns.

Engine penetrates LNG tank ship outer and inner hulls.

Engine penetrates LNG insulation and membrane cargo tank.

LNG will be released from holesin two adjacent membrane
cargo tanks.

Vapors evolving off LNG will immediately be ignited.

LNG flows out of the cargo tanks and onto the water surface.
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426 Reease From an LNG Tank Ship Following a Boat Bomb

Table2-10 presented asegquence of eventsthat could lead to an explosion of aboat bomb beside an LNG tank
ship docked at the terminal. Table 4-6 defines the sequence of eventsthat could result in arelease of LNG

from the tank ship following detonation of aboat bomb.

Table 4-6

Terrorists Place Boat Bomb Besidean LNG Tank Ship

Conseguence

Notes

Explosives detonate, resulting in holein LNG tank ship outer
hull, inner hull, insulation, and LNG membrane tank.

All supporting calculations, documentation, and
references in regard to calculating the size and
location of potential release area(s) for this
scenario have been removed due to FERC CEl|
concerns.

LNG will be released from a membrane cargo tank.

Vapors evolving off LNG will immediately be ignited.

LNG will spread over the water surface beside the LNG tank
ship.

427 Reease From an LNG Tank Ship Following the Impact of a Rocket-propelled Grenade

Table 2-11 presented a sequence of events that could lead to a LNG tank ship being hit by an RPG while
docked at theterminal. Table 4-7 defines the sequence of events that could result in arelease of LNG from

an LNG tank ship following the impact of an RPG.

Table4-7

Terrorist Fires Rocket-propelled Grenade (RPG) Into LNG Tank Ship

Conseguence

Notes

RPG hits tank ship at near perpendicular angle and penetrates
outer and inner hull.

All supporting calculations, documentation, and
references in regard to calculating the size and
location of potential release area(s) for this
scenario have been removed due to FERC CEl|
concerns.

RPG warhead penetrates storage tank.

LNG will bereleased from asingle hole.

4.2.8 Release From an LNG Tank Ship Following a Collision with Another Ship

Table 2-12 presented a sequence of events that could lead to an LNG tank ship being involved in an inten-
tional collision with another ship. Table 4-8 defines the sequence of eventsthat could result in arelease of

4-5
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LNG from an LNG tank ship following a collision with another ship. Note that the release from this event
would be identical to that which would occur if the collision was accidental in nature.

Table 4-8
Terrorist-Controlled Ship Collideswith an LNG Tank Ship

Conseguence Notes

Callision resultsin puncture of one LNG cargo tank. All supporting calculations, documentation, and
references in regard to calculating the size and
location of potential release area(s) for this
scenario have been removed due to FERC CEl|
concerns.

LNG flows out of one cargo tank and onto the water surface.

Loss of LNG from one cargo tank leads to failures of other
cargo tanks.

LNG flows out of all cargo tanks and onto the water surface.

429 Summary of Release Sizes Dueto Intentional Events

A summary of thereleasesfrom LNG storage tanks and LNG tank shipsduetointentional eventsispresented
in Table 4-9

Table4-9
Intentionally Caused Releases
from LNG Storage Tanksand LNG Tank Ships

Release From

Release from LNG storage tank after plane crash

Release from LNG storage tank after truck bomb

Release from LNG storage tank after RPG

Release from LNG tank ship after plane crash - 2 tanks fail

Release from LNG tank ship after plane crash - 5 tanks fail

Release from LNG tank ship after boat bomb - 1 tank fails

Release from LNG tank ship after boat bomb - 5 tanks fail

Release from LNG tank ship after RPG

Release from LNG tank ship afer collision with another ship - 1 tank fails

Release from LNG tank ship afer collision with another ship - 5 tanksfail
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4.3 Conseguence Analysis Models

Each sdlected release scenario was evaluated to determine the extent and location of a hazard, or hazards,
associated with the release. When performing site-specific consequence analysis studies, the ability to
accurately model the phenomena associated with a particular hazard isimportant if an accurate assessment
of the potential exposure is to be attained. For this study, one or more models were used to quantify the
hazard, or hazards, of each release. All models have built-in assumptions and limitations. The models used
in this study are briefly described below, along with their restrictions for use.

431 FERC Modd for LNG Spillsonto Water

Inthereport titled Conseguence Assessment Methodsfor | ncidents I nvolving Rel easesfromLiquefied Natural
Gas Carriers[FERC, 2004], FERC presents a coupled set of models to determine the release and spread of
LNG onto awater surface. Thespreading LNG can be assumed to beignited, or unignited, during therel ease.
If ignited, asolid flame pool fire model defines the radiant impact zone. If unignited, the model produces a
time-varying vaporization profile appropriate for input into the DEGADIS dispersion model. The FERC
model was developed for use under the following conditions.

* Releases from LNG tank ships

* Releases from a single source of LNG

 Releases onto quiescent water

» Releases onto water without obstructions (e.g., docks, quays, or shoreline)

The model has limitations and cannot be used for the following;

Releases onto any surface other than a large open body of water

Releases from an elevation above water level

Releases of pressurized LNG

Releases onto rough or non-quiescent water

Releases into bounded or obstructed areas (e.g., water surfaces bounded by docks)
Releases of materials other than LNG

4.3.2 DEGADIS

The DEGADIS [GRI, 19904] suite of models was developed to simulate the dispersion of denser-than-air
vapor clouds. DEGADISiscited in 49 CFR 193 as one of the models appropriate for use in evaluating the
flammabl e cloud dispersion distancesfollowing aspill of LNG. Itisappropriateto usethe DEGADISmodels
for some, but not all, of the vapor dispersion calculations required in thiswork. There are two primary sub-
models in the DEGADIS suite of models; one for clouds evolving from aliquid pool, and one for vertical
momentum jets of vapor. The models were developed for use under the following conditions.

» Vapors evolving from apool of LNG on water or land
* Vertical releases of gases (e.g., discharge from arelief valve)

The DEGADI S dispersion models have limitations and cannot be used to actually model the following;

» Releases of pressurized or superheated liquids
» Releases of pressurized gases at any angle other than vertical
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The DEGADI S suite of model sdoes not calculate arel ease rate, liquid spreading rate, or associated transient
vaporization rate. Thisinformation must be supplied by one or more outside models.

433 LNGFIRES

The LNGFIRE3 model developed by GRI [GRI, 1990b] isapool fire model developed to predict the thermal
radiation hazards present when the vapors emanating from a pool of LNG are ignited. The model is
recommended for usein 49 CFR 193, and is capable of simulating circular and rectangular pools, aswell as
trenches carrying LNG. Thereislimited capability for modifying the properties of LNG used in the model.
LNGFIRE3 was devel oped for the following specific conditions.

* Pool fires over fixed-sized pools of LNG
* Pool fireson land

LNGFIRE3 cannot be used for the following;

* LNG pool fires on water
 Pool fires for materials other than LNG
* Jet/torch fires

In addition, LNGFIRES3 does not cal culate the spreading or size of an unconfined LNG pool. Thisinforma-
tion must be supplied to the model.

4.3.4 CANARY by Quest

CANARY by Quest contains a set of complex models that calculate multicomponent thermodynamic
properties, release rates and phases, initial dilution of the vapor (dependent upon the rel ease characteristics),
and the subsequent dispersion of the vapor introduced into the atmosphere. The models contain algorithms
that account for thermodynamics, mixture behavior, transient rel ease rates, gas cloud density relativeto air,
initial velocity of the released gas, and hesat transfer effects from the surrounding atmosphere and the
substrate.

CANARY also containsmodelsfor pool fireand torchfireradiation. Thesemodel saccount for impoundment
configuration, material composition, target height relative to the flame, target distance from the flame,
atmospheric attenuation (includes humidity), wind speed, and atmospheric temperature.

For vapor cloud overpressure calculations, CANARY employs the Baker-Strehlow method. 1t accountsfor
the reactivity of the fuel in the vapor cloud, the size of the flammable vapor cloud, and the degree to which
the vapor cloud is obstructed or confined. The model is based on experimental and historical observations
of vapor cloud explosions and deflagrations, with relation to the amount of confinement and obstruction
present in the volume occupied by the vapor cloud.

All of the hazard modelsin CANARY are based on information in the public domain (published literature)

and have been validated with experimental data. Technical descriptionsof the CANARY modelsusedinthis
study are presented in Appendix B.
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435 Application of Consequence Models

All accidental and intentional releases were evaluated with one or more of the models listed above. Inrare
instances, when no model was capable of evaluating a phenomenon (e.g., sequential leakage from multiple
tanks), additional calculationsweremade. In other instances, amodel wasmodified slightly in order to accept
an input it could handle, but was not designed for. An example of this was the modification of the FERC
model to accept a time-varying, non-monotonically-decreasing mass release rate. This modification was
necessary in order to use the FERC spreading model for the multi-tank LNG ship failure scenarios.

A list of the release scenariosidentified in thisanalysisis given in Table 4-10. For each release identified,

several potential hazardous outcomes might be possible. The models employed for each calculation are
identified in Table 4-10.

4.4 Release Rate Calculations

The FERC and CANARY models have the ability to calculate the transient rate of release of afluid. The
FERC mode islimited in that it can only be used for LNG releases from static atmospheric pressure tanks.
Thus, the FERC model cannot be used for any of the process areareleases since they are non-static systems
and are under pressure. Asshown in Table 4-10, the FERC model (or a slight variation thereof) was used
only for LNG releases from the tank ships.
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441 Release Rate Calculationsfor Process Equipment Releases

An example of thetransient rel ease rate from output provided by the CANARY model is presented in Figure
4-1. Thereleaseis caused by the rupture of process equipment F. As can be seen in Figure 4-1, the fluid
(released under 580 psig pressure) forms an aerosol composed of vapor and suspended liquid droplets.
Virtually none of the liquid reaches the ground. The mass rate of release decays until the inventory is
exhausted (about 30 seconds). This aerosol flow rate is input to the torch fire radiation model or the
momentum jet dispersion model, dependent on the hazard being eval uated.
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CANARY by Quest

Figure4-1
Release Rate from Process Equipment F

Cadlculationsfor all the process equipment failures (accidental or intentional) were madein asimilar manner
using the CANARY model.

442 Release Rate Calculationsfor Storage Tank Failures Dueto an Earthquake

The maximum inventory in the LNG storage tanks would occur just after an LNG tank ship finishes
unloading its cargo. Thisis represented by one full (160,000 m®) tank and one half-full tank. (Onetank is
assumed to be only half full since LNG would be withdrawn from this tank while the other tank is being
filled.) Therelease rate calculations were performed with CANARY . The release rate from the full tank is
presented in Figure 4-2 and the release rate from the half-full tank is presented in Figure 4-3.
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Figure4-2
Release Rate from Failure of Full LNG Storage Tank
Following an Earthquake
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Figure4-3

Release Rate from Failure of a Half-Full
LNG Storage Tank Following an Earthquake
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443 Release Rate Calculationsfrom an LNG Tank Ship Following Collision with the Breakwater

As described in Section 4.1.3, a collision of an inbound LNG tank ship with the breakwater could release
LNG from one membrane tank or result in the sequential failure of al five membranetanks. Thereleaserate
results for the single tank failure were made with the FERC model and are presented in Figure 4-4. The
FERC model was modified to accept multiple rel ease sources, such as that required for the sequential tank
failure scenario. Therelease rate results for the sequential tank failure scenario are also presented in Figure
4-4,
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Figure4-4
Release Rate from Failure of One Membrane Tank
and from Sequential Failure of Five Membrane Tanks
on an LNG Tank Ship Following Collision with the Breakwater

444 Release Rates Summary

Thesethreescenarios(pressurized processarearel ease, LNG storagetank release, and LNG tank ship rel ease)
cover therange of fluid releasesfrom aerosol jets (noliquid to the ground), to single point (onetank) failures,
to sequential failures of multiple tanks. The three accidental scenarios presented were run under non-fire
conditions. This condition maximizes the LNG liquid pool diameter (when applicable).

These three scenarios represent the range of release rate calculations made for both the accidental and
intentional releases.
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45 Liquid Spreading and Vaporization Calculations

45.1 Liquid Spreading Calculationsfor Process Equipment Releases

Many of the process area releases result in high velocity, flashing fluid aerosol jets that produce very little
liquid on the ground. In these cases, the inputs to the fire radiation and vapor dispersion models are

dominated by the momentum jet. An example of this was provided in Section 4.4.1 for the release from
process equipment F.

45.2 Liquid Spreading Calculationsfor Storage Tank Failures Dueto an Earthquake
For the caseswhere LNG isreleased onto the ground inside the security fence surrounding the LNG storage

tanks, the CANARY model calculates the spreading and vaporization of theliquid on land. Asan example,

for the case where an earthquake causes the storage tanksto fail, the vaporization history of the LNG spilled
on the land surface is presented in Figure 4-5.
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Figure 4-5
LNG Vaporization Rate for Land-Based Pool
Following Tank Failure Dueto an Earthquake
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In the earthquake case, the bulk of the LNG released from the storage tanks ends up flowing through the
collapsed security wall and out onto the water surrounding the facility. Modifying the FERC spreading and
vaporization program to accept the LNG outflow released from the two storage tanks and overflowing the
security wall and onto the surrounding water results in the transient vaporization profile presented in Figure
4-6. The FERC mode predicts the maximum radius of the semicircle formed by the LNG on water to be
2,700 feet (non-burning case).
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Figure 4-6
Vaporization Rate History from LNG Reaching Water Surface
Following Failure of LNG Storage Tanks After an Earthquake
(Modified FERC Model - Non-Burning Case)

453 Liquid Spreading Calculationsfrom L NG Tank Ship Following Collision with the Breakwater

Asdescribed in Section 4.1.3, the collision of an inbound LNG tank ship with the breakwater could release
LNG from one membrane tank or result in the sequentia failure of all five membrane tanks. The FERC
model was modified to accept multiplerelease sources soit could be used to model the sequential tank failure
scenario. The transient vaporization results for both the single tank failure and sequential tank failure
scenarios are presented in Figure 4-7. These spreading results are for the case where the LNG pool isnot on
fire. The maximum radius of the FERC-defined semicircleis 450 ft for the single tank failure and 820 ft for
the multiple tank failure.

Similar release rate, pool spreading, and vaporization history cal culations were made for al accidental and

intentional release caseslisted in Tables 4-2 through 4-8. Table 4-10 identifies the model used (CANARY,,
FERC, or modified FERC) for each calculation.
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Figure4-7
Vaporization Rate History from Failure of One Full Membrane Tank and from
Sequential Failure of Five Full Membrane Tankson an LNG Storage Tank Ship
Following Collision with the Breakwater
(Modified FERC Model - Non-Burning Case)

4.6 Fire Radiation Calculations

In each accidental and intentional release identified, there is a possibility that the vapor released (either
directly, such asanatural gasrelease, or indirectly, such asvapors evolving off aliquid pool) will beignited.
The ignition source may be accidental in nature or intentional (as in the case of explosive devices). The
resultant fire may bein the form of jet fire, pool fire, or both, dependent on the nature of the release.

4.6.1 Hazard Footprintsand Vulnerability Zones

When conducting consequence analysis calculations, it may be necessary to determine the impact of each
possible combination of:

* holesize,

* release orientation,

* release outcome,
 atmospheric stability,
* wind speed, and

» wind direction
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for each potential releaseincluded inthe study. For each potential rel ease, each unique combination of these
factorsresultsina®uniqueaccident.” Inthisstudy, thefocusison determining theworst-caseimpacts. Thus,
the hole size, release orientation, wind speed, and atmospheric stability have been defined. What is not
known is the wind direction. Depending on which way the wind is blowing, a different area around the
release point (or the point defined as the center of the hazard) may be exposed to a hazardous condition. It
is important to distinguish between the largest area potentially exposed to a radiant impact from a single
accident and the total areathat could be exposed to any possible radiant impact from a single accident.

A hazard footprint can be defined as the area over which a given unique accident is capable of producing
somelevel of undesirable consequences (e.g., radiant flux of at least 1,600 Btu/(hrift?)). A vulnerability zone
is defined as the areawithin the circle created by rotating a hazard footprint around its point of origin. Any
point within that circle could, under some set of circumstances, be exposed to a hazard level that equals or
exceedsthe endpoint used to definethe hazard footprint. However, except for accidentsthat producecircular
hazard zones(e.g., Boiling Liquid Expanding V apor Explosions (BLEVES)), only aportion of theareawithin
the vulnerability zone can be affected by a unique accident. Thisisillustrated in Figure 4-8 by the 1,600
Btu/(hrift?) radiant flux footprint generated by immediate ignition of the flashing fluid release from process
equipment F. The hazard footprint (cross-hatched area) and its vulnerability zone (the circle) are both
presented.

Vulnerability zones can be used to define the size and shape of the area around arelease within which there
isafinite probability of exposureto the defined hazard level. Personslocated outside thisareawould not be
at risk to the hazard level defined. Thus, for the process equipment F, persons outside the vulnerability zone
presented in Figure 4-8 would not be affected by a 1,600 Btu/(hrift?) radiant hazard under any condition.

The 1,600 Btu/(hrift?) vulnerability zone presented in Figure 4-8 for the process equipment F fire scenario
was generated withthe CANARY software. The generation of ahazard footprint requiresthree-dimensional
radiant flux mapsbe calculated. The LNGFIRE3 and FERC fire modelsdo not calcul ate the radiant flux data
tothislevel of detail. Thus, whenthe LNGFIRE3 and FERC radiation modelsare used, only thevulnerability
zone (acircle) can be calculated. Used incorrectly, this information can lead to an overestimation of the
possible radiant impact of afire.

4.6.2 FireRadiation Calculationsfor Storage Tank Failures Dueto an Earthquake

Asdescribed in Section 4.1.2, an earthquake of amagnitude sufficient to cause afailure of one or both of the
LNG storage tanks would also cause the failure of the security wall. With the failure of the security wall,
thereisthe potential to have apool of LNG on shore, generally confined by the remnants of the security wall,
and as an expanding pool on the water surface. It is almost certain that an earthquake of the magnitude
necessary to fail one or both LNG storage tankswould al so create multipleignition sourcesin theimmediate
area, thus igniting the natural gas/air mixture formed during the release.

In order to model this scenario, two individual calculations were run. The first employed LNGFIRE3 to
calculate the 1,600 Btu/(hrift?) radiant impact zone dueto the land-based pool fire. The second employed the
FERC model to calculate the water-based pool fire. The 1,600 Btu/(hrift?) vulnerability zone from the
LNGFIRE3 model is presented in Figure 4-9 (the smaller circle). The 1,600 Btu/(hrift?) vulnerability zone
from the FERC model is also presented in Figure 4-9 (the larger circle).
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A comparison of the two vulnerability zones shows that the water-based fire clearly defines the size of the
vulnerability zone. Evenif thewind is blowing from the east-southeast (from the water toward the storage
tank area) the extent of the vulnerability zone created by the water-based pool fire dominates the result and
serves to define the 1,600 Btu/(hrift?) vulnerability zone for this scenario.

4.6.3 FireRadiation Calculationsfor an LNG Tank Ship Coallision with the Breakwater

The water-based pool fire calculations for the scenarios in which the LNG tank ship collides with the
breakwater were made with the FERC model. The scenariothat involves onetank failureisdirectly modeled
with the FERC pool fire model. The 1,600 Btu/(hrift?) vulnerability zone cal culated by the FERC model is
presented in Figure 4-10. The sequential tank failure scenario requires modification of the FERC model to
accept atransient, non-monotonically-decreasing liquid outflow. With this modification, the FERC model
calculates the 1,600 Btu/(hrift?) vulnerability zone for the five tank sequential failure and is presented in
Figure 4-11.

Although immediate ignition of the evolving natural gas vapors from the spilled LNG islesslikely in this
scenario than in the LNG storage tank failures due to an earthquake, the ignition of the spill results in the
worst case pool fire impacts.

464 Summary of Fire Radiation Calculations

Fire radiation calculations were made using the models defined in Table 4-10 for each accidental and
intentional release scenario. Maximum distances to the 1,600 Btu/(hrift?) radiant hazard endpoint are
presentedin Table4-11. Sinceseveral of the potential releasesinvolve LNG poolsthat may move away from
the release point before they areignited, or while they are ignited, the center of each fireisalso identified in
Table4-11. When defining the extent of the 1,600 Btu/(hrift?) vulnerability zone for each release, the center
of the fire should be used as the reference point.

Plots of the 1,600 Btu/(hrift?) vulnerability zones for several of the scenarios are presented in Figures 4-12
through 4-17. Theseplotsarelisted in Table 4-11.

4.7 Flammable Vapor Cloud Dispersion Calculations

The ability of a release of LNG, natural gas, or other hydrocarbons to develop into a drifting cloud is
dependent on the mechanism that caused the release. When analyzing the possible progression of events
following accidental failures (see Section 3.1.1), there are often four possible outcomes.

» Immediate ignition followed by afire (pool or torch)

» Delayed ignition producing aflash fire (and possible pool or torch fire)

» Delayed ignition producing a flash fire and some amount of overpressure
» Noignition; dissipation of hydrocarbon vapors below flammable limits

As described in Section 3, the probability of each outcome is dependent on a number of factors. In many
cases, the probability of immediate ignition of an accidental releaseisnot 100%. Thus, thereisapossibility
of the formation of a drifting cloud of flammable gas followed by the eventual ignition of the cloud that
creates aflash fire. In some instances, the flash fire may lead to overpressures above some minimal level.
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When considering intentional releases, the device that is used to effect the release of LNG, natural gas, or
other hydrocarbons often involves an explosive or isitself a significant ignition source. In many of these
cases, there is no opportunity for an evolving vapor/air flammable mixture to avoid the immediate and
sustained ignition source. Thus, these releases will follow the immediate ignition path and result in a pool
fire, torch fire, or both.

Table 4-12 presents asummary of the accidental and intentional events that have the potential to develop a
flammabl e cloud following arelease of LNG, natural gas, or other hydrocarbons. These casesrequiredisper-
sion cal cul ationsto determine the maximum extent of adrifting flammabl e cloud under worst case conditions.

Table4-12
Ability of Release Eventsto Allow Vapor Cloud Development

Development of Flammable | Development of Flammable

Release Cloud Following Accidental | Cloud Following I ntentional
Release? Release?

Rupture of process equipment - location A* Yes No
Rupture of process equipment - location B* Yes No
Rupture of process equipment - location C* Yes No
Rupture of process equipment - location D* Yes No
Rupture of process equipment - location E* Yes No
Release from process equipment - location F* Yes No
Release from process equipment - location G* Yes No
s:rlters]?qsue ;‘l:gm LNG storage tanks following Yes NA
Rel_ea_sefrqm LNG tank ship following _ Yes Yes
collision with the breakwater - 1 tank fails

Release from LNG tank ship following Yes Yes

collision with the breakwater - 5 tanks fails

Release from LNG tank ship following
collision (outside breakwater) with another Yes Yes
ship of sufficient size and speed - 1 tank fails

Release from LNG tank ship following
collision (outside breakwater) with another Yes Yes
ship of sufficient size and speed - 5 tanks fail

Release from LNG storage tank after plane

crash NA No

Release from LNG storage tank after truck

bomb NA No

* Details have been removed because thisis considered to be Critical Energy Infrastructure Information (CElI) by the
FERC

NA - Not Applicable
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Table 4-12
Ability of Release Eventsto Allow Vapor Cloud Development

(Continued)
Development of Flammable | Development of Flammable
Release Cloud Following Accidental | Cloud Following I ntentional
Release? Release?
Release from LNG storage tank after RPG NA Yes
Releasefrqm LNG tank ship after plane crash NA No
- 2 tanksfall
Release from LNG tank ship after plane crash
) NA No
- 5 tanksfail
Release from LNG tank ship after RPG NA Yes

NA - Not Applicable

4.7.1 Flammable Vapor Cloud Dispersion Calculationsfor Process Equipment Releases

Therelease caused by an accidental rupture of the process equipment F could result from an equipment failure
that did not result inimmediate ignition. If the failure had been intentionally caused by an explosive device
(e.g., satchel charge), the release would be ignited and a torch fire would result.

The fluid from the process equipment F would be released under pressure and forms an aerosol composed
of vapor and suspended liquid droplets. Asdescribed in Section 4.4.1, virtually none of the liquid reaches
theground. Theaerosol flow rateisinput to the momentum jet dispersion model contained inthe CANARY
software since DEGADI'S cannot model this release.

The hazard footprint and vulnerability zone for the flammable vapor cloud following the accidental release
from the process equipment F are presented in Figure 4-18.

Flammable cloud dispersion calculations for all process equipment releaseslisted in Table 4-11 were made
using the CANARY software.

4.7.2 Flammable Vapor Cloud Dispersion Calculations for Storage Tank Failures Due to an
Earthquake

Itisextremely unlikely that an earthquake of the magnitude necessary to causethefailure of both LNG tanks
would not create multipleimmediateignition sourcesfor theignition of any of theflammablevaporsreleased
intheterminal. If immediateignition doesnot occur, itisnot possibleto know how far the cloud would drift
before being ignited.

In the extreme case where all worst case conditions are combined;
low wind speed (2 m/s),

stable atmosphere (Pasquill-Gifford F), and
no immediate ignition sources,
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the flammable cloud only has one choice—it must drift over the open water in order to achieveit’smaximum
extent. Any travel inland would result in shorter travel distances due to ignition sources created by the
earthquake event.

The vapor generation rate history calculated in Section 4.5.2 is used as input to the DEGADIS model. The
DEGADIS modéd calculates the maximum flammable cloud travel distance over water to be 36,400 ft (6.9
miles). The cloud would require alittle over three hoursto travel this distance.

Thereare no credible argumentsthat would allow for aflammable cloud of thissizeto exist intheimmediate
neighborhood of multiple ignition sources caused by such a massive earthquake. However, in the context
of thisworst-case analysis study, the flammabl e vapor cloud travel defined by this case— over water without
any portion of the cloud traveling inland — may be defined as possible but it certainly is not credible.

4.7.3 FlammableVapor Dispersion Calculationsfrom LNG Tank Ship Following Collision with the
Breakwater

The evolution of aflammable cloud without ignition following arelease from an LNG cargo tank following
collision with the breakwater is afar more credible scenario than the generation of alarge flammable cloud
following an earthquake near the terminal. The generation of flammable vapor over the open water, with
immediate ignition sources limited to the LNG tank ship itself, resultsin a scenario where the cloud might
drift some distance before encountering an ignition source.

The vapor generation histories for the single LNG cargo tank and sequential LNG cargo tank failures
described in Section 4.5.3 were input to the DEGADIS program. Under the worst case conditions defined
for thiswork, the following flammable cloud travel distances and times (over water) were calcul ated.

LNG Tank Ship Collision Maximum Distance to Cloud Travel Time (minutes) to
with Breakwater Scenarios L ower Flammable Limit Maximum Travel Distance
One tank failure 9,260 ft (1.75 miles) 45
Sequential failure of five tanks 19,330 ft (3.66 miles) 90

Flammabl e vapor cloud dispersion cal culations were made for the casesidentified in Table 4-11 under worst
case atmospheric conditions. The flammable cloud travel distances achieved by the larger releases should
be viewed with caution dueto the number of factorsthat would prevent the devel opment of such large clouds.
Therefore, it would be incorrect to develop flammable vapor cloud vulnerability zones (circles) for the
following releases.

* Earthquake caused failures of one or both LNG storage tanks
* Coallision of LNG tank ship with breakwater (one or al cargo tanks fail)
* Coallision of LNG tank ship with another ship near the harbor entrance (one or all cargo tanks fail)

The generation of vulnerability zones for these rel eases, as they pertain to the onshore or inland travel of a
flammable vapor cloud, is defined by the site-specific characteristics of existing ignition sources, or those
created duetheinitial failure mechanism. Theevaluation of such anignition source map and the construction
of ignition probabilities as a function of cloud size and travel time is beyond the scope of this work.
However, under no circumstances should the maximum cloud travel distances presented in Table 4-11 be
applied as the inland or onshore travel distances of the eight scenarios listed above.
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4.8 Vapor Cloud Explosion Over pressur e Calculations

In an industrial environment such as the POLB, common ignition sources would be motor vehicles, diesel
generators, electric switch boxes, arc welders, fired heaters, electric motors, or any electrical equipment not
classified for usein aflammable environment. In situations when the drifting flammabl e cloud encounters
anignition source and beginsto burn back, or flash back, towardsthe source of the release, overpressure will
be generated by the burning process. In this analysis, the Baker-Strehlow model was used to calculate the
magnitude of the overpressure . This model is based on the premise that the strength of the blast wave
generated by a vapor cloud explosion (VCE) is dependent on the reactivity of the flammable gas involved;
the presence (or absence) of structures such as walls that partially confine the vapor cloud; and the spatial
density of obstructionswithintheflammablecloud [Baker, et al., 1994; 1998]. Thismodel reflectstheresults
of several international research programs on vapor cloud explosions, which show that the strength of the
blast wave generated by a VCE increases as the degree of confinement and/or obstruction of the cloud
increases. The following quotations are directly applicable to natural gas releases and natural gas vapors
evolving from pools of LNG.

“ On the evidence of the trials performed at Maplin Sands, the deflagration [explosion] of
truly unconfined flat clouds of natural gas or propane does not constitute a blast hazard.”
[Hirst and Eyre, 1982] (Tests conducted by Shell Research Ltd., in the United Kingdom.)

“Both in two- and three-dimensional geometries, a continuous accelerating flame was
observed in the presence of repeated obstacles. A positive feedback mechanismbetween the
flame front and a disturbed flow field generated by the flame is responsible for this. The
disturbances in the flow field mainly concern flow velocity gradients. Without repeated
obstacles, the flame front velocities reached are low both in two-dimensional and three-
dimensional geometry.” [van Wingerdan and Zeeuwen, 1983] (Tests conducted by TNO
in the Netherlands.)

“ The current under standing of vapor cloud explosionsinvolving natural gasisthat combus-
tion only of that part of the cloud which engulfs a severely congested region, formed by
repeated obstacles, will contribute to the generation of pressure.” [Johnson, Sutton, and
Wickens, 1991] (Tests conducted by British Gas in the United Kingdom.)

Researchers who have studied case histories of accidental vapor cloud explosions have reached similar con-
clusions.

“ It isa necessary condition that obstacles or other forms of semi-confinement are present
within the explosive region at the moment of ignition in order to generate an explosion.”
[Wiekema, 1984]

“ Acommon feature of vapor cloud explosionsisthat they haveall invol ved ignition of vapor
clouds, at least part of which, have engulfed regions of repeated obstacles.” [Harris and
Wickens, 1989]

A review of therel ease scenariosthat havethe potential to devel op drifting flammablevapor cloudsfindsthat
accidental releasesin the process area of theterminal have the potential to belocated in amongst the process
piping and equipment and are afforded some degree of obstruction. The Baker-Strehlow model contained
in CANARY was used to calculate the distances to the 1 psig overpressure level.
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The ahility of the larger flammable vapor clouds to reach a confined or congested area without ignition is
governed by the same obstacles as presented in Section 4.7. If the leading edge of alarge flammable cloud
were to encounter a congested areg, fill it with flammable vapor, and then find an ignition source inside or
outside the congested area, the overpressure generated would be afunction of the volume of the congested
area. Flammable vapors outside the congested area would not significantly contribute to the overpressure
generated.

Without the site-specific knowledge of each and every possible congested or obstructed area along the
shoreline that could be reached by a drifting vapor cloud, it is impossible to calculate site-specific effects.
However, the Baker-Strehlow model does provide information on the maximum overpressure levels that
could be achieved by natural gas explosions under avariety of conditions.

For flammable natural gas mixtures in outdoor residential or commercia areas that have some degree of
obstruction (e.g., parked cars) the maximum overpressure generated in the cloud would be approximately 1.09
psig. Thiswould bethelocalized overpressure and cannot be applied to the body of the flammable cloud as
the overpressure level will drop exponentially with distance from the obstructed area.

Using this information as a guide, the footprint of any overpressure map onto the shoreline near the LNG

terminal will extend no further than the existing or created ignition sources. The exact mapping of such is
beyond the scope of this work.
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SECTION 5
POTENTIAL IMPACTSTO NEIGHBORING FACILITIES

51 Neighboring Facilities

The proposed LNG import terminal is located on the west side and south end of Pier T in the Port of Long
Beach. One task defined for this work was to calculate the potential impacts to neighboring industrial
facilities, both current and proposed. These impacts were to be calculated for the worst-case events, both
accidental and intentional, identified in Section 2.

Two facilities of particular interest are the existing oil berth at T-121 and the proposed oil berth at T-124.
These two facilities are identified on Figure 5-1.

52 I mpact L evels on Industrial Equipment

The potential impact on peoplefrom exposureto radiant flux levelsfrom afire, aswell asoverpressurelevels
following theignition of aflammable cloud, were quantified in Section 4. Evaluating the impact of radiant
and overpressure hazards on industrial equipment located near the LNG terminal requires the use of a
different set of hazard endpoints (i.e., radiant flux and explosion overpressure levels) than those used to
determine impacts on people.

5.21 Vulnerability of Structuresand Plant Equipment to Radiant Energy

Structures composed of honcombustible materials (e.g., metal storage tanks) can be weakened, resulting in
damage or complete destruction, if the radiant heat flux is high enough and persistslong enough to heat the
structure to its damage point.

Part 193 of Title49 of the Code of Federal Regulations (commonly referred to as49 CFR 193), isthe United
States Department of Transportation (U.S. DOT) federa standard for LNG facilities in the U.S. [DOT].
Through referenceto anindustry standard, NFPA 59A —Sandard for the Production, Storage, and Handling
of Liquefied Natural Gas (LNG), 49 CFR 193 sets 10,000 Btu/(hrift?) (30 kW/m?) as the limiting heat flux
at the demarcation line between land area controlled by the LNG facility and land areas controlled by other
parties. Theintent isto ensurethat the heat flux from code-specified design spill fireswill not cause failures
of steel-framed buildings and similar industrial-type structures outside the LNG facility. Therefore, when
analyzing the effects of worst-case fires that can be much larger than the design spill fires, it is reasonable
to use 10,000 Btu/(hrift?) as the lower limit for radiant heat flux calculations in an industrial area. Non-
combusti ble structures outside the 10,000 Btu/(hrift?) isopl eth should not be heavily damaged by thefire, and
those within the 10,000 Btu/(hrift?) isopleth will withstand several minutes of exposure to the radiant heat
before failing.

5.2.1.1 Radiant Flux Endpoint Criteria

As shown in Section 4, the large scale fires evaluated under worst-case atmospheric conditions have the
potential to affect peoplein areas outside the LNG terminal fenceline. When evaluating a person’ s possible
exposure to a radiant flux level that would cause skin burns after a short period of time, the use of
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vulnerability zones was employed. Vulnerability zones identify the total area in which, under some
circumstances, peopl e could be exposed to aradiant level greater than or equal to that necessary to cause skin
burns (e.g., 1,600 Btu/(hrift?) for 30 seconds).

The sametype of approach can be used to identify the potential radiant impact to the industrial areas neigh-
boring the LNG terminal. For the purposes of this study, the radiant endpoint selected for evaluation is
10,000 Btu/(hrift?). Thislevel of radiant heat will havethefollowing effect on materialsin anindustrial area.

« Exposure to 10,000 Btu/(hrift?) for 15 to 20 minutes will cause wooden buildings to ignite. [HUD,

24 CFR 51]
« Exposureto 10,000 Btu/(hrift?) for several minuteswill damage steel structures. [HUD, 24 CFR 51]

5.2.1.2 Radiant Energy Vulnerability Zones — Industrial Equipment Impact

Using the same pool fire and torch fire models as defined in Section 4 for the selected accidental and
intentional events, the distance to the 10,000 Btu/(hrift?) radiant flux level was calculated. The results for
these calculations (the radii of the vulnerability zones) are presented in Table 5-1. Equipment within the
vulnerability zones identified in Table 5-1 have the possibility, under certain weather conditions (e.g., the
wind blowing toward the equipment), to be exposed to radiant impacts that would cause their structural
failure.

As can be seen from Table 5-1 and Figure 5-1, severa of the larger events have the potential to impact the
existing oil berth (T-121, 1,300 ft from a point centered between the two LNG storage tanks) and the
proposed berth (T-124, 750 ft from a point centered between the two LNG storage tanks). Severa of the
radiant vulnerability zones are presented in Figures 5-2 through 5-11.

From areview of these vulnerability zonesit can be concluded that if one of the LNG release eventswere to
occur and afire ensue, that significant damage to areas within T-124 and T-121 is possible. All the large
releasesinvolving LNG havethe potential to last from tens of minutesto several hours, depending onthesize
of the hole through which the LNG is being released. In all cases, the duration of thefireis closely linked
to the duration of therelease. Thereason for thisisthat LNG liquid spread is unrestricted in most cases and
the FERC spreading model allows the LNG to spread to very thin pool thickness. Thus, once the source of
LNG isexhausted (there is no more LNG to release), the fire consumes the remaining LNG in avery short
time.

5.2.2 Vulnerability of Structuresand Plant Equipment to Overpressure

Gas-phase explosions are the result of very rapid combustion of flammable vapor clouds. One characteristic
of al explosionsisthe sudden (nearly instantaneous) release of energy. In gas-phase explosions, a portion
of the released energy manifestsitself as a pressure wave.

Pressure waves created by explosions can travel through any solid, liquid, or gas, including the earth, water,
and air. For the purposesof thisstudy, pressurewavesin air are of most interest since vapor cloud explosions
occur intheair.

Table 5-2 lists the approximate overpressures required to produce specific levels and types of damage to

equipment, buildings, and other structures commonly found inindustrial areas. For example, apeak side-on
overpressure of 20.7 kPa (3 psi) will causetypical oil storage tanksto fail.
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Table5-2
Damage Produced by Blast [Clancey, 1972]

Over pressure Damage
(psig)
0.02 Annoying noise (137 dB if of low frequency 10-15 Hz)
0.03 Occasional breaking of large glass windows already under strain
0.04 Loud noise (143 dB), sonic boom glass failure
0.1 Breakage of small windows under strain
0.15 Typica pressure for glass breakage
03 “Safe distance” (probabil i_ty 0.95 no ser.i ous damage beyond this value); projectile limit;
some damage to house ceilings; 10% window glass broken
04 Limited minor structural damage
05-1.0 Large and small windows usually shattered; occasional damage to window frames
0.7 Minor damage to house structures
1.0 Partial demolition of houses, made uninhabitable
1.2 Corrugated asbestps shattered; corrugated steel or {;\lumi num _panels,'fasteni ngs fail, .
followed by buckling; wood panels (standard housing) fastenings fail, panels blown in
13 Steel frame of clad building slightly distorted
2 Partial collapse of walls and roofs of houses
2-3 Concrete or cinder block walls, not reinforced, shattered
2.3 Lower limit of serious structural damage
25 50% destruction of brickwork of houses
3 He_av_y mag:hi nes (3,000 Ib) inindustria buildi ng suffered little damage; steel frame
building distorted and pulled away from foundations
3-4 Frameless, self-framing steel panel building demolished; rupture of oil storage tanks
4 Cladding of light industrial buildings ruptured
5 Wooden utility poles snapped; tall hydraulic press (40,000 |b) in building slightly damaged
5-7 Nearly complete destruction of houses
7 L oaded train wagons overturned
7-8 Brick panels, 8-12 inches thick, not reinforced, fail by shearing or flexure
9 L oaded train boxcars completely demolished
10 Probable total destruction qf buildings; heavy machine tools (7,000 Ib) moved and badly
damaged, very heavy machine tools (12,000 Ib) survived
300 Limit of crater lip
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5.2.2.1 Explosion Overpressure Endpoint Criteria

Asshownin Section 4, thevapor cloud expl osion overpressureshavelittle potential to adversely affect people
in areas outside the immediate LNG terminal. Thisis primarily due to the inability of the drifting cloud to
penetrate the nearby shoreline without finding an ignition source.

For purposes of this study, 2.3 psi overpressure was selected as the lower limit for evaluating the possible

overpressure impacts on the neighboring industrial sites. Overpressures lower than 2.3 psig would not be
expected to produce significant damage to industrial equipment.

5.2.2.2 Explosion Overpressure Vulnerability Zones — Industrial Equipment |mpact

Asnoted in Section 4, the maximum overpressure generated by aflammable cloud of natural gasthat drifted
into a moderately obstructed area, such as a parking lot, was 1.09 psig. Thus, if thistype of event were to
occur, the overpressure levels would be below those required to produce significant structural damage in
industrial aress.

Using the same expl osion overpressure methodology as defined in Section 4 for the selected accidental and
intentional events, the distance to the 2.3 psig overpressure level was calculated. The results for these
calculations (the radius of each vulnerability zone) are presented in Table 5-1. It should be noted in Table
5-1 that several of the releases in the gas processing area have the potential to generate maximum
overpressuresin the range of 3 psig. Thisisaresult of amore reactive fluid mixture (ethane, propane, etc.)
being released in obstructed areas within the process area (e.g., congested areas with pipe racks, etc.). The
majority of thelargereleasesidentified in thiswork resulted in vapor clouds composed primarily of methane,
defined asalow reactivity material. The 2.3 psig overpressure vulnerability zone for arelease from process
equipment F is presented in Figure 5-12 as an example of a more reactive material.

None of the vapor cloud explosion events evaluated resulted in overpressures high enough to fail the oil

storagetanksproposed for T-124. Accordingto Clancey [Clancey, 1972], an overpressurein excessof 3psig
would be necessary in order to rupture oil storage tanks.
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SECTION 6
WORST-CASE HAZARDS ASSOCIATED WITH OTHER
FLAMMABLE FUEL FACILITIES

6.1 Flammable Fuel Facilities

The potential worst-case impacts associated with the proposed LNG import terminal in the Port of Long
Beach can be compared to the potential worst-case impacts of other flammable fuel facilities. Previously
compl eted studies on three flammable fuel facilities were used for this comparison. It should be noted that
terrorist-induced failures were explicitly considered in only one of the three previous studies. However, as
was the case when evaluating severa of the events in the LNG import terminal, several of the events
evaluated in the other flammable fuel facilities would have the same impact whether the initial release was
accidental or intentional in nature.

The three flammable fuel facilities can be briefly described as follows.

Facility #1 The largest refrigerated propane terminal in northen California. This terminal has refrig-
erated propane storage tanks, pressurized ambient temperature storage tanks (bullets), and
both railcar and tank truck loading.

Facility #2 Several petroleum product tank farms, located in southern California, with large capacity
storage tanks containing a variety of petroleum products.

Facility #3 10 million tons per annum (10 mtpa) LNG import terminal in Mexico. This terminal will
have a peak natural gas generation capacity of 2.4 billion cubic feet per day (2.4 bcfd).

None of the three facilities stores or processes any significant amount of toxic materials. Thus, the
comparison of potential hazards between the three facilities and the LNG import terminal is based solely on
the flammabl e nature of the hydrocarbons processed and stored in each.

In addition to the three facilities described above, the flammable hazards associated with a range of LPG
storage vessels that are located throughout the Long Beach area were calculated. The LPG vessel sizes
ranged from a common 5 gallon backyard grill propane bottle to a 12,500 barrel LPG storage sphere that
located in refinery.

6.2 Propane Storage Terminal, Elk Grove, California

6.2.1 Description of the Major Componentsin the Propane Terminal

The Suburban Propane Elk Grove facility [COEG, 2000] receives pressurized ambient temperature liquid
propane from tank trucks and rail cars, stores both ambient temperature and refrigerated liquid propane, and
loads ambient temperature propane for off-site transport. On average, approximately 120,000 gallons of
propane are handled at the facility each day by tank truck and railcar.

The major equipment at thefacility consists of four 60,000-gallon pressurized, ambient temperature propane
storage vessels (bullets); two 12,000,000-gallon refrigerated, low pressure storage tanks; tank truck and rail-
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car loading/unl oading stations; and apropanerefrigeration system. The propanestoragebulletsarenominally
12 feet in diameter and 91 feet long, placed horizontally on concrete supports about 5 feet above the ground.
The large refrigerated propane storage tanks are approximately 146 feet in diameter and 122 feet tall.

Propaneisreceived at thefacility as pressurized, ambient temperatureliquid carried intank trucksor railcars.
Thetank truckshaveatypical capacity of 10,000 gallonsand therailcarsatypical capacity of 33,000 gallons.
Thelargerefrigerated storagetanks serve asstorage reservoirsthat can absorb the seasonal swingsin propane
demand. Liquid propane can be moved from the refrigerated storage tanks to the pressurized bullets using
centrifugal pumps.

6.2.2 Potential Hazards Associated with the Propane Terminal

For flammablefuel facilitiesthat processand storerefrigerated and pressurized flammabl efluids, thecommon
hazards are:

» Torch fires (gas and liquefied gas rel eases)

* Flashfires (liquefied gas rel eases)

* Pool fires (liquefied gas rel eases)

 Vapor cloud explosions (gas and liquefied gas rel eases)

» BLEVEs (major failures of tank trucks, railcars, or aboveground pressurized storage tanks)

With the exception of the BLEVE, all the potential hazards associated with the propane terminal are present
in the proposed LNG import terminal. The BLEVE event has the potential to occur in the propane terminal
due to the storage of propane in pressure vessels (bullets, railcars, and tank trucks). It should be noted that
BLEVE' sarenot possiblein the proposed LNG import terminal asnoneof theflammable materialsare stored
under pressure, thus there are no pressurized storage vessels.

6.2.3 Potential Release Events Associated with the Propane Terminal

The propane terminal wasthe subject of afoiled sabotage effort by two UScitizensin 1999. Dueto concern
about the consequences of such possible events, both accidental and intentional releases of propane were
evaluated. The worst-case consequence results from this study are presented in Table 6-1. Whether the
release was caused by accidental or intentional means, once the release occurs, the methodol ogies used to
calculate the extents of the potential impacts were the same. For example, whether a pipe fails due to a bad
weld or due to detonation of an explosive charge placed beside it, the resulting fires would be identical. In
Table 6-1, the events and the consequence analysis results associated with that event are identified as being
produced by an accidental (A) or an intentional (1) event.

In general, the largest potential hazards in the propane facility are associated with pool fires following a
significant release from the refrigerated propane storage tanks or aBLEVE of one of the pressurized storage
bullets. However, the largest potential hazard is the flash fire associated with a large release from both
refrigerated propane tanks. If an earthquake of sufficient magnitude to fail the tanks were to occur, the
flammable vapor cloud travel distances reported should not be considered credible due to the inability to
avoid the numerousignition sources generated by the earthquake. 1n other words, it would be expected that
any one of the many availableignition sources (e.g., downed power lines) intheimmediate areawould ignite
the flammable vapors. Once ignited, a pool fire would result. If this were to occur, the flammable cloud
distanceslisted in Table 6-1 could not be achieved as the cloud would be ignited before it reached the listed
distances. Itisunlikely that the cloud would extend any significant distance past the facility fenceline.
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Comparison of the worst-case hazards for the propane facility and the proposed LNG import terminal finds
that the pool fire radiant impact distances and the flash fire impact distancesto be similar for the land-based
releases. Thisis primarily due to the fact that the propane is stored in a cryogenic state similar to the LNG
in the proposed import terminal. The behavior of propane vapor clouds evolving off aliquid pool issimilar
to the behavior of natural gas evolving off apool of LNG.

The biggest difference between the two terminal s hasto do with the method of shipping the propaneor LNG
into or out of theterminals. The propanefacility employs pressurized railcarsand tank truckswhilethe LNG
terminal will use insulated tank ships and tank trucks. The differences manifest themselves not only in the
size of apotential hazard due to transportation inventory (LNG islarger) but also with the frequency of the
possible events (propane shipping is far more frequent).

6.3 Petroleum Product Bulk Storage Terminals, Southern California

6.3.1 Description of the Terminals

Thesubjectsof thisstudy were several bulk storage facilitiesassociated with Equilon’ sWilmington Refinery
CARB Phase 3 Project [SCAQMD, 2001]. Themajority of the bulk terminal changesinvolved changing the
products that the storage tanks contained. These modifications involved atmospheric storage tanks.

The four bulk terminals selected for evaluation are al located in southern California. The products stored
at the sitesinclude crude ail, jet fuel, kerosene, gasoline, and ethanol. The products are stored in tankswith
arange of capacities, several aslarge as 100,000 barrels.

The common hazards associ ated with the storage of ambient temperature flammable hydrocarbonsin atmos-
pheric storage tanks are:

* Flash fires (vapors evolving off liquid pools)
* Pool fires

6.3.2 Potential Release Events Associated with the Bulk Terminals

Severa of the worst-case consequence results from the analysis of the bulk terminals are presented in Table
6-2. Intentional actswere not considered in the original analysis. However, if they had been, the resulting
consequences would be no larger than the consequences associated with the accidental events consideredin
Table 6-2.

The largest potential hazards are associated with pool fires in the impounding area following a significant
release from one or more storage tanks. Unlike the propane terminal, vapors evolving off the hydrocarbon
fluidsin theterminal (crude ail, jet fuel) do not form large vapor clouds. Often the extent of the flammable
vaporswill only be dightly outside the confined pool. Thus, if anignition sourceisfound, apooal fireisthe
result. Therewill be no significant overpressure generated by the ignition of the petroleum productsin the
tank farm environment.

The potential fire impacts from any one storage tank in any of the bulk terminals is smaller than the fire
impacts dueto either one of the proposed LNG tanks. Thisisprimarily duetoinventory and sitelayout. The
physical properties of the materials stored in the bulk terminals (jet fuel, gasoline, etc.) have lower burning
rates and produce “ smokier” flames. Thesetwo characteristicsresult in shorter firesthat radiate lessthermal
energy.
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6.4 LNG Import Terminal, Mexico

6.4.1 Description of the Major Componentsin the LNG Import Terminal

The Altamira LNG Import Terminal has been proposed for the eastern coast of Mexico. The project has
undergoneregulatory review in Mexico during which timeanumber or safety, consequence, andrisk analysis
studies were completed [Shell and El Paso Consortium, 2001]. The LNG import terminal will receive LNG
from tank ships, store the LNG in large insulated storage tanks, and regasify the LNG using open rack
vaporizers. Inthefinal phaseof the project, theterminal will haveanominal throughput of 10 milliontonnes*
per annum (mpta).

Thefacility is comprised of several main components.

» LNG tanker berthing facility and unloading arms.
* Large capacity atmospheric LNG storage tanks.

* In-tank and external LNG pumps.

* Open rack vaporizers.

* Vapor handling equipment.

6.4.2 Potential Hazards Associated with the LNG Import Terminal

The potential hazards associated with the LNG import terminal are identical to those identified in Section
4 for the proposed SES LNG terminal in the Port of Long Beach.

* Torch fires (gas and liquefied gas releases)
 Flashfires (gas and liquefied gas releases)

* Pool fires (liquefied gas rel eases)

» Vapor cloud explosions (gas and liquefied gas releases)

6.4.3 Potential Release Events Associated with the LNG Terminal

The consegquence and risk analysis studies completed for the LNG terminal were focused on accidental
releases of LNG and natural gas from the onshore terminal. Thus, release events involving the transport of
LNG by tank ship were not included in this study. Similarly, intentional acts, due to sabotage or terrorism
were not included in this study.

A summary of thelargest worst-case consequencesfollowing thelargest rel ease eventseval uated in the study
is presented in Table 6-3. The maximum flammable cloud travel distance listed in Table 6-3 is associated
with an earthguake-induced failure of an LNG storage tank. Asdescribed in the evaluation of the SESLNG
import terminal and the propane terminal in Section 5.2, this should not be considered a credible event since
multiple ignition sources would exist in the immediate area. These ignition sources would prevent any
significant travel of the vapor cloud prior to ignition.

11 tonne = 1000 kilograms = 2204 |b = 1.102 tons
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6.5 Comparison of Flammable Fuels Facilities Potential for Off-site Impacts

Each of the three flammable fuels facilities evaluated has the potential to generate offsite impacts if a
significant release of one or more of thefuels stored or processed inthefacility wereto occur. Ineachfacility
where aintentional release was evaluated, the impacts resulting from an intentional release were no larger
than the impacts associated with one or more releases that could occur accidentally.

Table 6-4
Comparison of Worst-Case | mpacts from Four Flammable Fuel Facilities

Offsite Impacts and Maximum Hazard | mpact Distance

Facility

Radiant . .
(1,600 Btu/(hrift?) Flash Fire (LFL) Overpressure (1 psig)

LNG Import Terminal, Yes Yes Yes
Long Beach, California max. distance = 8,610 ft max. distance = 34,600 ft | max. distance = 320 ft
Propane Terminal, Yes Yes Yes
Northern California max. distance = 1,900 ft max. distance = 26,750 ft | max. distance = 525 ft
Bulk Storage Terminals, Yes Yes No
Southern California max. distance = 595 ft max. distance = 675 ft
LNG Import Terminal, Yes Yes Yes
East Coast of Mexico max. distance = 1,240 ft max. distance = 21,200 ft | max. distance = 200 ft

As can be seen from areview of Table 6-4, al four facilities have the potential to produce off-site impacts.
Thecommon misconceptionthat explosionsinflammablefuel facilitiesproducesignificant off-siteexplosion
impactsisnot supported by the modeling performed in this study, nor the historical record [Mahoney, 1997].

Asdescribed in Section 4.8, theinability of an evolving flammablevapor cloud to travel significant distances
before finding an ignition source reduces the significance of the flammable vapor cloud travel distancesin
industrial or populated areas. Therefore, the flammable vapor cloud travel distances listed in Table 6-4
should be thought of as theoretical maximums rather than realistic assessments.

This leaves the comparison of fire radiation impacts (pool fires and torch fires) as the best method for
comparing the impacts among the facilities. When this comparison is made, the maximum radiant impacts
from the four facilities range from 595 to 8,610 feet from the fire source. In all four facilities, these worst-
case radiant impacts have the potential to extend past the facility property line.

In the specific case of the proposed LNG import terminal in the Port of Long Beach, only two of the events
evaluated havethe potential to produceradiant impactspast theindustrial areadefined by the POL B boundary
line. The largest radiant impact distance, 8,610 ft to 1,600 Btu/(hrift?) [second degree skin burns], results
from an earthquake of sufficient magnitudeto fail both LNG storage tanks and the security wall surrounding
thetanks. Thisfailure allows a significant portion of the LNG to reach the water. Following ignition, the
fire column (as defined by the FERC fire model) can produce 1,600 Btu/(hrift?) slightly past the eastern
POLB boundary line. When reviewing this scenario, four things should be kept in mind.
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1. Anearthquakeof the magnitude necessary tofail thefull containment LNG storagetank, would
be more than sufficient to level every structure in the Port of Long Beach aswell asthe City of
Long Beach.

2. Inadditionto an earthquake of sufficient magnitude occurring that failsboth LNG tanks, ahigh
wind would have to be blowing in order for the fire to impact any area outside the POLB
boundary.

3. TheFERC firemodel employed to make this cal culation does not have an ability to account for
the lack of oxygen available to the core of such alarge fire. The model is believed [FERC,
2004; Raj, 2004] to significantly overestimate the height and surface flux of the flame, thus
overestimating the potential impacts.

4. This accidental event, although defined as possible, would be considered incredible when
performing risk assessments and would not be used as a benchmark for siting calculations.

Thesecond fireevent that hastheability to produce 1,600 Btu/(hrift?) [second degree skin burns] impacts past
the POLB boundary isfrom afire following atruck bomb that fails one of the LNG storage tanks aswell as
the security wall. This event, although intentional in nature, resultsin afire similar to, but smaller than, the
fire associated with the earthquake. In this case, the 1,600 Btu/(hrift?) impact zone does not extend asfar as
the earthquake-induced failure since the LNG inventory isless (only one tank fails). However, issues 2 and
3 listed above would also apply to this scenario.

All theremaining LNG fireeventsevaluated for thisstudy (those associated withterminal operations, storage,

and L NG tank ship movementsand operations) have no fireradiation impacts (second degree skin burns) that
extend past the POLB boundary. Thisistrue whether the initiating event is accidental or intentional.

6.6 Fire Hazards Associated With Storage of LPG in the Long Beach Area

Many residents of the Long Beach are aware of the use, transportation, and storage of LPG. LPG (liquid
petroleum gas) is stored and used in vessels as small as 5 gallons. The 5 gallon tanks are commonly used
within backyard bar-b-quegrills. Residentsin Long Beach can exchangethe 5 gallontanksat local distribu-
tion centers (often the neighborhood gas station).

Similar to the 5 gallon bar-b-que tank, many mobile homes and travel trailers have 35 gallon LPG tanks
incorporated into their design. These tanks are attached to the exterior of the truck or trailer and travel the
local roadways without restriction.
LPG is commonly transported over the local highways in tanks that include:

 Converted-fuel vehicles (LPG for fuel instead of gasoline or diesel), 80 gallon tank capacity

» LPG delivery truck (bobtail design), 4,000 gallon tank

 LPG transport truck (semi-trailer design), 10,000 gallon tank

Another type of LPG storage vessel that is more commonin rural areasisa 1,000 gallon storagetank that is
used for cooking, water heating, and home heating fuel. These tanks are often located beside the residence.

In refineries and gas plantsiit is not uncommon to find LPG storage vessels ranging in size from 30,000 to
60,000 gallon. Cylindrical vessels are often used to store inventoriesin this range. When larger quantities
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of LPG are stored, spherical vessels are often used. The capacities of these spherical vessels will range up
to 12,500 barrels (528,000 gallons).

Although LPG is a flammable fuel like natural gas, the fact that it is stored as a liquid under pressure (as
opposed to refrigerated like LNG), poses additional hazardsthat are not possible with the storage and use of
LNG and natural gas. Thelargest and most dramatic of theseisaBoiling Liquid Expanding V apor Explosion
(BLEVE). ...

A BLEVE (Boiling Liquid Expanding Vapor Explosion) is defined as the catastrophic failure of apressure
vessel, occurring at a time when the temperature of the liquid in the vessel is well above its boiling
temperature at normal atmospheric pressure (i.e., theliquid is superheated). Most BLEV Es are caused by the
vessel becoming overheated and weakening as aresult of being in contact with the flames from an externa
fire. If partsof thevessel becometoo hot and too weak, thevessel will fail catastrophically. When thisoccurs,
some portion of the superheated liquid will flash to vapor. The vapor will expand and shatter most of the
remaining liquid into drops, and propel them away from the vessel. In most cases, the resulting mixture of
air, vapor, and liquid drops will beignited by the external fire, resulting in afireball. Thefireball will exist
for a brief time, typically from 2 to 30 seconds, depending on the amount of liquid that was in the vessel.
During its brief existence, the fireball will emit alarge amount of radiant energy. Thisthermal radiation is
the primary hazard created by aBLEVE.

When aBLEVE occurs, the distance from thefailed vessel to apoint where second-degree skin burnswould
be experienced by an exposed person can be calculated. For the purposes of comparison, a BLEVE
calculation was performed for each of the L PG vessels described above. Theresults are presented in Table

6-5.
Table6-5
Radiant Impact Distances for
Common LPG Storage and Transport Vessels
Distance to 2"
Propane Tank Description Capacity (gallons) | Degree Skin Burns

(feet)
Backyard bar-b-que grill tank 5 21
M obile home propane tank 35 55
Pickup truck propane tank (automobile fuel conversion) 80 77
Farm house propane tank (heat and hot water) 1,000 252
Bobtail propane delivery truck 4.000 450
Semi-trailer propane tank 10,000 657
Railroad propane tankcar 33,000 1,069
LPG bullet storage (refinery, gas plant) 60,000 1,360
L PG sphere storage (refinery) 528,000 3,223
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A review of the BLEVE resultsin Table 6-5 shows that BLEVES of the larger LPG vessel result in radiant
impact distances similar in size as many of the radiant zones evaluated for the LNG terminal. It should be
kept in mind that BLEV Es are not influenced by thewind and their hazard zones are round whereas aradiant
zoneformed by an LNG pool fireisinfluenced by thewind and isonly round under calm conditions (not the
worst case). Thus, aBLEVE impact zone with asmaller radiuswill affect the same total areaan LNG pool
fire with alarger downwind distance reach.

6.7 Comparison of Risk

To put thistype of evaluation in perspective, it isinstructiveto look at thetypes of risks people are ordinarily
exposed to during day-to-day life. Table 6-6 liststherisksacitizen of Long Beach might be exposed to each
and every day. Ascan be seeninthetable, there voluntary risks (driving acar) and involuntary risks (dying
from influenza) that are higher than the risk of injury that may result from living near the proposed LNG
import terminal in the POLB.

In reviewing the results in Table 6-6, two issues should be kept in mind. The statistics from the National
Safety Council are for fatalities and the risks outside the POLB property line are for injury. Thus, the risk
levelsfor the LNG terminal are overstated when viewed in this context. Secondly, the development of the
successful terrorist probability is based upon a successful terrorist event occurring in any of the 12,711
facilitiesinthe US EPA database, not just the POLB facility. Thus, if the probability of asuccessful terrorist
attack was weighted toward a “good target” (as defined by the US EPA data), the probability values
associated terrorist-induced events in the proposed LNG terminal in the POLB would be less.
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Table 6-6
Individual Risk of Early Fatality by Various Causes
[National Safety Council, 1997]

Approximate Individual Risk of Early Fatality
Hazard
Probability/Y ear One Chancein

Heart disease 2.76x 10°® 360
Cancer 2.01x 10° 495
Stroke 5.77 x 10* 1,730
All accidents 3.52x 10* 2,840
Pneumonia and influenza 3.07 x 10* 3,260
Motor vehicle 1.63x 10* 6,125
Homicide 9.25x 10° 10,800
Falls 5.31x 10° 18,820
Poisoning by solids and liquids 3.69x 10° 27,075
Pedestrian death by motor vehicle 2.30x 10° 43,500
Drowning 1.50 x 10° 68,035
Fires and burns 1.21x10° 82,920
Suffocation by ingesting food or object 1.13x 10° 88,450
Firearms 5.28 x 10°® 189,530
Poisoning by gas or vapor 2.26 x 10° 442,235
Electric current 2.11x 10° 473,000
Rail travel 1.45x 10° 687,400
Scheduled air travel 5.99x 107 1,668,810
Cataclysmic storms and floods resulting from storms 4.03x 107 2,479,800
Lightning 3.16 x 107 3,158,800
Bee strings and snake bites 2.37x 107 4,211,750
Cataclysmic earth movements and ruptures 1.73x 107 5,768,300
Accidental release of LNG from proposed LNG

terminal, which produces second degree burns 1.00x 107 10,000,000
outside of POLB boundary

Intentional release of LNG from proposed LNG

terminal, which produces second degree burns 1.44x 108 69,600,000
outside of POLB boundary
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SECTION 7
CONCLUSIONS

7.1 L imitations of Study

The overal scope and execution of the study is limited by two restrictions. First, the study is not a full
guantitative risk analysissinceit was defined to evaluate only the worst-case releases. Thus, not al possible
events are identified, quantified, and incorporated into the study. The events evaluated in this study cover
arange of the largest accidental and intentionally-induced releases that could occur in the LNG import
terminal and LNG tank ship operations. The study isnot designed to be all inclusive, rather it istargeted at
defining a set of representative worst-case impacts.

Secondly, all the data used to develop the releases, resultant consequences, and associated probabilities are

drawn from publicly availableresources. No useof proprietary, confidential, or not-to-be-publicly disclosed
information was used in this study.

7.2 Development of Flammable Fuel Release Sequences and Probabilities

Theidentification of terminal componentsthat may fail dueto an accidental failure was made using aformal
review process coupled with historical dataand Quest’ sexperienceinthe LNG industry. Many of thelargest
accidental releases identified have never occurred in the industry, but they are still considered credible.

Identifying the largest rel eases that could be effected by intentional actsrequired aless structured approach
than that used for the accidental releases. Several potential terrorist-executed acts that came out of public
hearingsand comment |etterswere described that, if successful, would result in arelease of LNG, natural gas,
or other flammable fluid from the terminal or tank ship operations. Each event sequence was described,
including a number of the obstacles that would have to be overcome in order for arelease to occur.

The specific question of whether an LNG import terminal is an attractive target for terroristsis beyond the
scope of this study. A discussion of that issue would focus on whether alarge-scale release of flammable
fluid would satisfy one or more of the following criteria.

» Doesthe LNG import terminal serve as an iconic symbol, worthy of political impact?

» Does damage to the LNG import terminal result in asignificant economic impact?

* Do the hazards associated with large rel eases from the LNG import terminal result in large loss of
life or injuries to the public?

This study was designed to answer the third question.

Following the development of the LNG, natural gas, and other flammable fuel release sequences, the
probability or frequency of each event was calculated. For the accidental releases, historical data from
published sources containing L NG-specific or similar industry datawere used when available. Intheabsence
of such failure rate data, data from standard hydrocarbon operations were used.

Thedatafor LNG tank ships show that there has never been asignificant release of LNG fromthe LNG cargo

tanks due to a collision with another ship or collision with afixed object (such as a breakwater). Using the
available data on LNG ship transits and assuming that the next collision with a fixed object or large ship
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resultsin alarge release of LNG from one or more LNG cargo tanks, arelease frequency of 1.25 x (10)™ per
port call can be estimated. Thisresultsin afrequency of oncein 80,000 port calls.

Anevaluation of the probability of asuccessful terrorist-induced event in aflammablefuel or toxic chemical
facility that would have similar or larger impacts than those associated with the proposed LNG terminal
developed three critical points:

7.3

* Following theterrorist events of September 11, 2001, the United States General Accounting Office

released a report stating that flammable fuels facilities do not present an attractive terrorist target
compared to facilities that contain toxic materials. Thisisadirect result of the potential impacts of
flammabl e fuel s facilities being smaller than those associated with toxic chemical facilities.

Data from the United States Environmental Protection Agency’s Risk Management Plan Program
show that 12,711 toxic and flammable fuel facilities in the United States have a potential public
impact aslarge or larger than the proposed LNG terminal inthe POLB. Usingthefirst World Trade
Center bombing (February, 1993) asastarting point for successful terrorist actsin the United States,
providesan eleven-year period for developing afrequency. Recognizing that no successful terrorist
event has been carried out against any of the 12,711 toxic or flammable fuel facilitiesin the United
States, meansthat if one wereto occur tomorrow, the frequency of such an event would be 7.15(10)
°lyr , or once in 140,000 years.

The multi-layer security systems designed for the proposed LNG terminal operations are expected
to hinder accessto the Port of Long Beach, LNG terminal grounds, and Long Beach Harbor. These
security systemswould not and can not make the probability of an intentional act zero, but they can
be assumed to reduce the potential success of such an act.

Consequence Analysisfor Wor st-Case Releases

The largest releases due to accidental causes were defined in a straight-forward manner, and only two
required assumptions.

» The earthquake failure scenario is assumed to result in a catastrophic failure of one or both LNG

storage tanks. The actual size of the hole is not critical to the analysis aslong asit islarge enough
that the liquid can be released in areasonably short period of time.

* A collision between an LNG tank ship and another ship of sufficient size and speed was assumed to

result in a hole in outer hull, inner hull and one membrane cargo tank. If the release caused the
subsequent failure of one or more membrane tanks, the release area in each subsequently affected
tank was assumed to be represented by a similar sized hole.

The largest releases due to terrorist-induced failures were evaluated based on an analysis of a range of
possibleinitiating events. Although an exact assessment of each event cannot be realized in abody of work
such as this (e.g., exactly where would the truck bomb be parked?), the events evaluated represent a
reasonablerange of possible scenariosandimpacts. Theresultsof theanalysisidentifiesthefollowing events
as those producing the largest releases from the LNG terminal and LNG tank ship operations.
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LNG terminal land-based rel eases

» Truck bomb beside LNG storage tank resulting in hole in one LNG storage tank.
» Boeing 767 crashing into LNG storage tank resulting in hole in one LNG storage tank.

LNG tank ship releases

» Boeing 767 crashing into LNG tank ship resulting in holes in two LNG membrane cargo
tanks.
» Boat bomb beside LNG tank ship resulting in ahole in one LNG membrane cargo tank.

Several consequence model swere used to determinethesize of theradiant energy and explosive overpressure
hazard zones following the release and ignition of a flammable fluid from the LNG terminal or LNG tank
ships described in thiswork. In some cases, amodel was modified to perform in an aternate manner than
it was originally designed for. The models used in the analysis are:

FERC' s LNG spill onto water model
LNGFIRE3

DEGADIS

CANARY by Quest

The maximum distancesto hazard level sdefined for thiswork for the seven largest rel eases described above
are presented in Table 7-1.

When considering intentional releases, the device that is used to effect the release of LNG, natural gas, or
other hydrocarbons often involves an explosive or isitself a significant ignition source. In many of these
cases, there is no opportunity for an evolving vapor/air flammable mixture to avoid an immediate and
sustained ignition source. Thus, many of these rel eases always result in apool fire, torch fire, or both. This
is represented by the DNA (does not apply) notationsin Table 7-1.

7.3.1 Flammable Cloud Travel Distances

Only three of the seven largest rel ease scenarios have the potential to generate a drifting flammable vapor
cloud following the release of LNG.

» Thefailure of both LNG storage tanks due to an earthquake.
» Therelease from an LNG tank ship following a collision with another ship.
» Therelease from an LNG tank ship following a collision with the breakwater.

Of these three, only the release from an LNG tank ship following a collision with another ship might be

devel oped asaterrorist-induced event, provided theterroristsare able to commandeer aship of sufficient size
to ram an LNG tank ship hard enough to rupture one or more cargo tanks.
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Itisextremely unlikely that an earthquake of the magnitude necessary to cause thefailure of both LNG tanks
would not create multipleimmediateignition sourcesfor theignition of any of theflammable vaporsrel eased
intheterminal. Thereare no credible argumentsthat would allow for aflammable cloud of thissizeto exist
intheimmediate neighborhood of multipleignition sources caused by such amassive earthquake. However,
in the context of thisworst-case analysis study, the flammable vapor cloud travel defined by this case—over
water without any portion of the cloud traveling inland — may be defined as possible although it certainly is
not credible.

Following an LNG tank ship collision with a breakwater or another ship, there is areasonable chance that a
release of LNG may result in a drifting cloud. The generation of a flammable cloud over an open water
surface, void of immediate ignition sources, results in scenarios where the flammable portion of the cloud
could drift some distance before encountering an ignition source. The most likely location of such an
available ignition source would be near the shoreline.

Under the worst-case conditions defined for thiswork, the following cloud travel distances (and times) were
calculated.

LNG Tank Ship Collision Maximum Distance to Cloud Travel Timeto
with Breakwater Scenarios Lower Flammable L imit Maximum Travel Distance
One cargo tank failure 9,260 ft (1.75 miles) 45 minutes
Sequentia failure of five cargo tanks 19,330 ft (3.66 miles) 90 minutes

It should be kept in mind that these cloud travel distances can only be achieved it the drifting cloud remains
over water. Oncethe cloud beginstotravel inland, it isbound to encounter any one of many possibleignition
sources. Onceignited, theflamewill burn back toward the source and the ability of the cloud to drift further
will have been halted. Therefore, it would beincorrect to devel op flammablevapor cloud vulnerability zones
(circles) for the following rel eases.

* Earthquake caused failures of both LNG storage tanks
* Coallision of LNG tank ship with breakwater
* Coallision of LNG tank ship with another ship

The areas along the shoreline that could be affected by a flash fire following the development of drifting
flammabl e cloud arethose areas without potential ignition sources(e.g., open beaches, parks, etc.). Onceone
or more ignition sources are encountered, the ingress of the cloud will be stopped.

7.3.2 Vapor Cloud Explosion Hazard Distances

Within anindustrial area, large flammable vapor clouds arelikely to be ignited before they reach aconfined
or congested area. If the leading edge of alarge flammable cloud were to encounter a congested area, fill it
with flammabl e vapor, and then find an ignition source, the overpressure impact would be afunction of the
volume of the congested area.

Without site-specific knowledge of each possible congested or obstructed areaalong the shoreline that could
be reached by adrifting vapor cloud, it isimpossible to calcul ate site-specific effects. However, the Baker-

7.5 QUEST



Strehlow model does provide information on the maximum overpressure levels that could be achieved by
natural gas explosions under avariety of conditions.

For flammable natural gas mixtures in outdoor residential or commercia areas that have some degree of
obstruction (e.g., parked cars), the maximum overpressure generated in the cloud would be approximately
1.09 psig. Thiswould be the localized overpressure in the congested area and the magnitude of the over-
pressure will drop dramatically as distance from the congested area increases.

Using this information as a guide, the footprint of any overpressure map onto the shoreline near the LNG
terminal will extend no further than the existing or created ignition sources nearest to the shoreline.

7.3.3 LNG Pool Fire Radiant Hazard Distances

For each accidental and intentional release listed in Table 7-1, there is a strong possibility that the vapor
released (either directly, such asanatural gasrelease, or indirectly, such asvaporsevolving off aliquid pool)
will beignited at thetime of therel ease or shortly thereafter. Theignition source may be accidental in nature
or intentional (asin the case of explosive devices). For thereleaseslisted in Table 7-1 the dominant fireis
due to fire above an expanding pool of LNG.

Since several of the potential releasesinvolve LNG poolsthat may move away from the rel ease point before
they are ignited, or while they are ignited, the center of each fire is also identified in Table 7-1. When
defining the extent of the 1,600 Btu/(hrift?) vulnerability zone [second degree skin burns] for each release,
the center of the fire should be used as the reference point.

7.4 Potential I mpact to Neighboring Facilities

The proposed LNG import terminal is located on the west side and south end of Pier T in the Port of Long
Beach. One task defined for this work was to calculate the potential impacts to neighboring industrial
facilities, both current and proposed. Theseimpactswere cal culated for theworst-case events, both accidental
and intentional.

As shown in Section 4, the large scale fires evaluated under worst-case atmospheric conditions have the
potential to affect peoplein areas outside the LNG terminal fenceline. When evaluating a person’ spossible
exposure to a 1,600 Btu/(hrift?) [second degree skin burns] radiant flux level, the use of vulnerability zones
was employed to identify the total areathat, under some circumstances, could be exposed to aradiant level
greater than or equal to 1,600 Btu/(hrift?). The same type of approach can be used to identify the potential
radiant impact to the industrial areas neighboring the LNG terminal. For the purposes of this study, the
radiant endpoint selected for eval uation was 10,000 Btu/(hrift?), alevel that would cause damageto structural
steel.

As can be seen from Table 7-2, al of the largest events that occur at the termina or the dock have the
potential toimpact theexisting oil berth (T-121, whichis 1,300 ft from apoint centered between thetwo LNG
storage tanks) and the proposed berth (T-124, which will be 750 ft from a point centered between the two
LNG storagetanks). Several of the largest events have the potential to expose portions of T-124 and T-121
to radiant flux levelsin excess of 10,000 Btu/(hrift?). If this were to occur, flammable structures on T-124
and T-121 would be expected to ignite and ordinary storage tanks might incur a roof failure due to metal
fatigue. Following aroof failure, the contentsin thetank may ignite, resulting in a separate independent fire
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source. The storage tanks on T-124 and T-121 are small in comparison to the size of the LNG fire being
evaluated. The storage tanks would burn for a longer duration than the LNG fires, but would have
significantly smaller impact on the surroundings.

Thelargest 10,000 Btu/(hrift?) radiant vulnerability zonefollows an earthquake-induced failure of both LNG
storage tanks. The vulnerability zone for this pool fireis presented in Figure 7-1. A review of Figure 7-1
shows that this event can affect both T-121 and T-124, as well as portions of the POLB, but the 10,000
Btu/(hrift?) vulnerability zone does not extend past the POLB boundary in any direction.

75 Comparison to Other Flammable Fuels Facilities

The potential worst-case impacts associated with the proposed LNG import terminal in the Port of Long
Beach were compared to the potential worst-case impacts of three flammable fuel facilities. It should be
noted that terrorist-induced failures were explicitly considered in only one of the three previous studies.
However, as was the case when evaluating several of the eventsin the LNG import terminal, several of the
eventsevaluated in the other flammable fuel facilitieswould have the sameimpact whether theinitial release
was accidental or intentional in nature.

The three flammable fuel facilities can be briefly described as follows.

Facility #1 The largest refrigerated propane terminal in northen California. This terminal has refrig-
erated propane storage tanks, pressurized ambient temperature storage tanks (bullets), and
both railcar and tank truck loading.

Facility #2 Several petroleum product tank farms, located in southern California, with large capacity
storage tanks containing a variety of petroleum products.

Facility #3 10 million tons per annum (10 mtpa) LNG import terminal in Mexico. Thisterminal will
have a peak natural gas generation capacity of 2.4 billion cubic feet per day (2.4 bcfd).

Noneof thethreefacilitiesstoresor processesany significant amount of toxic material. Thus, the comparison
of potential hazardsbetween thethreefacilitiesand the LNG import terminal isbased solely on theflammable
nature of the hydrocarbons processed and stored in each.

Each of the three flammable fuels fatalities evaluated has the potential to generate offsite impacts if a
significant release of one or more of the fuels stored or processed in the facility wereto bereleased. Ineach
facility where an intentional release was eval uated, the impacts resulting from an intentional release were no
larger than the impacts associated with one or more releases that could occur accidentally.

As can be seen from areview of Table 7-3, all four facilities have the potential to produce off-site impacts.
Thecommon misconception that explosionsinflammablefuel facilitiesproducesignificant off-siteexplosion
impacts is not supported by the modeling performed in this study, nor the historical record.

Additional hazard cal culationswere made for arange of L PG storage and transport vessels commonly found
intheLong Beach areas. LPG vesselsassmall as5 gallon (bar-b-quebottles) to refinery L PG storage spheres
(12,500 barrels) were evaluated. Boiling Liquid Expanding Vapor Explosion (BLEVE) calculations were
performed for therange of vesselsidentified, and the distancesfrom thefailed vessel to where second-degree
skin burns might occur were defined. These distances ranged from 20 feet (for the bar-b-que bottle) to over
3,000 feet for the refinery storage sphere. The analysis was performed to provide easily recognizable
examples of potential flammable fuel hazards in the Long Beach area.
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Table 7-3
Comparison of Worst-Case | mpacts from Four Flammable Fuel Facilities

Offsite Impacts and Maximum Hazard | mpact Distance

Facility Radi

adiant Heat . .

(1,600 Btu/(hrift?) Flash Fire (LFL) Overpressure (1 psig)

LNG Import Terminal, Yes Yes Yes
Long Beach, Cdifornia max. distance = 8,610 ft max. distance = 34,600 ft | max. distance = 320 ft
Propane Terminal, Yes Yes Yes
Northern California max. distance = 1,900 ft max. distance = 26,750 ft | max. distance = 525 ft
Bulk Storage Terminals, Yes Yes No
Southern California max. distance = 595 ft max. distance = 675 ft
LNG Import Terminal, Yes Yes Yes
East Coast of Mexico max. distance = 1,240 ft max. distance = 21,200 ft | max. distance = 200 ft

7.6 Summary

Thisstudy evaluated the extent of fire radiation and expl osion overpressure hazardsfor arange of worst-case
releasesthat included both accidental and intentional releases of flammable fluid from SES' sproposed LNG
terminal and tank ship operations in the POLB. The hazards associated with the proposed LNG import
terminal and LNG tank ship operations are common to most flammable fuel facilities world-wide.

The historical record shows that successful intentional releases of flammable fuel from US facilities events
have not occurred. Thisfinding is supported by Federal reports addressing this topic that were written after
the terrorist events of September 11, 2001. The Federal reports do not identify flammable fuel facilities as
those that could affect large numbers of the public.

A full range of accidental and intentional releases of LNG, natural gas, and other flammable fluids were
evaluated in order to quantify the potential impact if such releases were to occur. The accidental releases
covered arange of credible eventsthat could occur inan LNG terminal. The intentional releases covered a
range of possibleterrorist-induced rel eases ranging from | ocalized damage to equipment asaresult of asmall
explosive charge to more sophisticated and logistically challenging operationsinvolving hijacked aircraft or
ships.

The evaluation of the accidental and intentional release scenarios found that the most likely hazard to result
from any of the releasesis exposureto radiant heat from a pool fire or torch fire. The potential for any of the
rel eases to produce damaging overpressures was found to be small and localized. The potential for drifting
flammable vapor clouds to travel a significant distance before being ignited was small, with the possible
exception of those releases that may occur outside of the Long Beach Harbor breakwater.

A review of the accidental and intentional events evaluated in this study finds that the events can be divided
into four classes. These classes are defined by the event’ s historical record, or in the case of an earthquake
capable of failing the LNG tanks, the predicted frequency of a such an earthquake. The four classes are
presented in Table 7-4. In general, the historical record of the LNG import/export industry identifies
significant failures within the process area to be the most likely event of those evaluated in thiswork. The
second classinvolves an accidental release from an LNG tank ship. Although the historical record for LNG
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tank shipsdoescontain collisions, there hasnot been arelease of LNG during or following acollision. Thus,
the probability listed in Table 7-4 assumes that the next shipment of LNG ends in a collision and loss of
cargo. AsLNG shipments continue without incident, this frequency only gets smaller.

As described in the project documents, an earthquake capable of failing the full containment LNG tank
designed for the site is “completely unredlistic.” However, according to the analysis, it is not impossible.
Thefrequency of such an earthquakeisidentifiedin Table 7-4. Asdescribed earlier, it should bekeptinmind
that an earthquake of sufficient magnitude to fail the LNG tanks would level the Long Beach area.

Thelast class of release events are those associated with intentional acts against the LNG terminal or LNG
tank ship. These event frequencies are based on the historical record of terrorist eventsin the United States
and are not specificto LNG terminals. Thishistorical record of terrorist-induced eventsin the United States
produces a frequency that is lower than the other event frequencies identified in this work.

The potential impact to neighboring POLB facilities was eval uated for the worst-case releases identified in
thisstudy. Aswould be expected in any analysis of thistype, the industrial neighbors of the proposed LNG
import terminal could be exposed to radiant hazards following events of the magnitude evaluated in this
study. For the largest release studied, both accidental and intentional, there is the potentia for the 10,000
Btu/(hrift?) radiant flux level to extend 3,780 ft from the terminal. The areaswithin the POLB that could be
affected by this release can be identified in Figure 7-1. It should be noted that the 10,000 Btu/(hrift)
[structural steel damage] radiant level doesnot extend outsidethe POL B boundary for any scenario eval uated.

The potential hazards associated with accidental and intentional releases from the proposed LNG import
terminal were compared to three other large flammable fuel facilities. Fire radiation impacts (pool firesand
torch fires) provided the best method for comparing the impacts among the facilities. When this comparison
is made, the maximum radiant impacts from the four facilities range from 595 to 8,610 feet from the fire
source. In all four facilities, these worst-case radiant impacts, as defined by 1,600 Btu/(hrift?) radiant heat
flux [second degree burns], have the potential to extend past the facility property line.

Additional calculations for a range of LPG storage and transportation vessels in common use in the Long
Beach areawere made. The radiant zones were found to range from 20 to over 3,000 feet, dependent on the
capacity of the vessel. These potential hazards exist in Long Beach on a day-to-day basis.

In the specific case of the proposed LNG import terminal in the Port of Long Beach, only two of the events
evaluated have the potential to produce radiant impacts that could affect the public outside of the industrial
area defined by the POLB boundary line. The largest radiant impact (as defined by 1,600 Btu/(hrift?))
distance, was 8,610 ft, which would result from an earthquake of sufficient magnitude to fail both LNG
storagetanksand the security wall surrounding thetanks. Thisfailureallowsasignificant portion of theLNG
to reach the water. Following ignition, the fire column (as defined by the FERC fire model) can produce
1,600 Btu/(hrift?) slightly past the eastern POLB boundary line. The vulnerability zone for this scenario is
presented in Figure 7-2 When reviewing this scenario, four things should be kept in mind.

1. An earthquake of the magnitude necessary to fail one or both tanks has been defined as
“unredlistic” following a site-specific study. Thus, a catastrophic tank failure due to an
earthguake should not be thought of as likely or probable. This accidental event, although
defined as credible, would not normally be used as a benchmark for siting calculations.

2. Anearthquakeof the magnitude necessary tofail thefull containment LNG storagetankswould

be sufficient to level essentially every structureinthe Port of Long Beach, aswell asin the City
of Long Beach.
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3. Inaddition to the earthquake, a high wind would have to be blowing from the west to the east
in order for the fire to impact the area outside the POLB boundary indicated in Figure 7-2.

4, The FERC fire model employed to make this calculation is not able to account for the lack of
oxygen availableto the core of such alargefire. Thus, the model overestimates the height and
surface flux of the flame. Thisresultsin overestimating the potential impacts.

The second fire event that has the ability to produce 1,600 Btu/(hrift?) impacts past the POLB boundary is
apool firefollowing atruck bomb that fails one of the LNG storage tanks as well asthe security wall. This
event, although intentional in nature, resultsin afire similar to, but smaller than, the fire associated with the
earthquake (Figure 7-3). In this case, the 1,600 Btu/(hrift?) impact zone does not extend as far as the
earthquake-induced failure since the LNG inventory isless (only onetank fails). However, issues 2 and 3
listed above would also apply to this scenario.

All theremaining LNG fireeventseval uated for thisstudy (those associated with terminal operations, storage,
and LNG tank ship movements and operations) have no fire radiation impacts that extend past the POLB
boundary. Thisistrue whether the initiating event is accidental or intentional.

In conclusion, the results of this study can be summarized by the following points.

QUEST

» Thehistorical record and the Federal government’ s evaluation of flammable fuel facilities does not
support the contention that the proposed LNG terminal would make an attractive terrorist target.

« If asuccessful terrorist-induced event occurred tomorrow in any toxic chemical or flammable fuels
facility inthe United Statesthat could impact asmany or more peopl e than the proposed LNG import
terminal in the POLB, the historical frequency would then be approximately 7.15 x (10) ¢/yr.

» Thefireradiation hazardsfrom LNG pool firesarethe most likely hazardsto occur, and they produce
the largest hazard zones should they occur. Significant overpressures covering a large area are not
possible and the opportunity for drifting flammable vapor clouds to travel any significant distance
over land before igniting is not credible.

» None of the accidental or intentional releases from the LNG terminal or LNG tank ship operations
have the ability to produce radiant levels (10,000 Btu/(hrift?)) capable of damaging industrial
eguipment outside the POLB boundary.

» Only one accidental release (that caused by an earthquake of sufficient magnitude to fail the LNG
tanks) can produce aradiant hazard (1,600 Btu/(hrift?); second degree skin burns) to persons outside
of the POLB boundary. It should be recognized that an earthquake of this magnitude would, on its
own, cause wide-spread destruction in the POLB and Long Beach.

» Only oneintentional rel ease, the effective placement of atruck bomb beside one of the LNG storage

tanks, can produce aradiant hazard (1,600 Btu/(hrift?); second degree skin burns) to persons outside
of the POLB boundary, and only under specific atmospheric conditions.
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APPENDIX B

CANARY BY QUEST® MODEL DESCRIPTIONS

The following model descriptions are taken from the CANARY by Quest User Manual.

Section A
Section B
Section C
Section D
Section E
Section F
Section G
Section |

Engineering Properties

Pool Fire Radiation Model

Torch Fire and Flare Radiation Model
Fireball Model

Fluid Release Model

Momentum Jet Dispersion Model
Heavy Gas Dispersion Model

Vapor Cloud Explosion Model

B-1
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CANARY by Quest User’'s Manual Section A. Engineering Properties

Engineering Properties

Purpose

The purpose of thismodel isto provide an accurate means of computing physical and thermodynamic prop-
erties of awide range of chemical mixtures and pure components using a minimum of initial information.

Required Data

@ Fluid composition
(b) Temperature and pressure of the fluid prior to release

Methodology

Basic thermodynamic properties are computed using the Peng-Robinson equation of state [ Peng and Robin-
son, 1976]. The necessary physical and thermodynamic properties are calculated in the following manner.

Step 1: The temperature and pressure of the fluid at storage conditions and the identity and mole fraction
of each component of the fluid are obtained. Mixture parameters are determined using data from
the extensive properties data base within CANARY.

Step 2: Each cal culation begins with the computation of the vapor and liquid fluid composition. For cases
where the temperature and pressure result in only one phase being present, the vapor or liquid com-
position will bethe same astheinitial feed composition. The composition calculationisaniterative
procedure using a modification of the techniques described by Starling [1973].

Step 3: Once the vapor and liquid compositions are known, the vapor and liquid densities, enthalpies,
entropies, and heat capacities can be computed directly. Other physical properties (viscosity, ther-
mal conductivity, surfacetension, etc.) arecomputed using correl ationsdevel opedin Reid, Prausnitz,
and Poling [1987].

Step4: A matrix of propertiesiscomputed over arange of temperaturesand pressures. Physical and thermo-
dynamicspropertiesrequired by other modelswithin CANARY aretheninterpolated fromthistable.

Basic Thermodynamic Equations

z°-(1-B)-2°+(A-3.-B°-2.B)-Z-(A-B-B*-B%) =0 1)

where: Z =fluid compressibility factor, ::—\_I{,dimensionless

P = system pressure, kPa
V = fluid specific volume, m¥kmol
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Section A. Engineering Properties CANARY by Quest User’'s Manual

where:

where;

where;

R = gasconstant, 8.314 m®- kPa/(kmol -K)
T = absolute temperature, K

a-P
R?.T2

= 0.45724 -

Q

o

C

= [1+ m- (1—Tr°-5)2]
= 0.37464+1.54226 - @ — 0.26992 - o*

= acentric factor
T

T

c

& 3 R

—

T, = pseudo-critical temperature, K
P. = pseudo-critical pressure, kPa

5 - bP
RT
b = 00778-R-1c
R
P
H =H°+E—R~T+J {P—T-(Ej }(d—/jj @)
Y2 0 oT P P

H = enthalpy of fluid at system conditions, kJ/kg
°= enthalpy of ideal gas at system temperature, kJ/kg

S = S°—R-In(p-R-T)+Lp [,;-R—(%M-(i—f} 3)

S =entropy of fluid at system conditions, kJ/(kg-K)
S° = entropy of ideal gas at system temperature, kJ/(kg-K)

f. =fugacity of component i, kPa

f,° = standard state reference fugacity, kPa
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CANARY by Quest User’s Manual Section B. Pool Fire Radiation Model

Pool Fire Radiation M odel

Purpose

The purpose of this model is to predict the impact of fire radiation emitted by flames that are fueled by
vaporsemanating fromliquid pools. Specifically, themodel predictsthe maximum radiant heat flux incident
upon atarget as afunction of distance between the target and the flame.

Required Data

@ Composition of the liquid in the pool

(b) Temperature of the liquid in the pool

(© Wind speed

(d) Air temperature

(e Relative humidity

) Elevation of the target (relative to grade)

(9 Elevation of the pool (relative to grade)

(h) Dimensions of the free surface of the pool

0] Orientation of the pool (relative to the wind direction)
()] Spill surface (land or water)

Methodology

Step 1. The geometric shape of the flameisdefined. The flame column above acircular pool, square pool,
or rectangular pool is modeled as an elliptical cylinder.

Step 2: The dimensions of the flame column are determined. The dimensions of the base of the flame are
defined by the pool dimensions. An empirical correlation developed by Thomas [1965] is used to
calculate the length (height) of the flame.

m 0.61
L=42-D | ———M
" Lpa'(g°Dh)Ol5]

where: L = length (height) of the flame, m
D, = hydraulic diameter of the liquid pool, m
m = mass burning flux, kg/(m?-s)
P, = density of air, kg/m?
g =gravitationa acceleration, 9.8 m/s®

Notes: Massburningfluxesusedinthe Thomasequation arethe steady-stateratesfor poolson land
(soil, concrete, etc.) or water, whichever is specified by the user.
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Section B. Pool Fire Radiation Model CANARY by Quest User’s Manual

Step 3:

Step 4:

Step 5:

Step 6:

For pool fireswith hydraulic diameters greater than 100 m, theflarelength, L, isset equa
to the length calculated for D, =100 m.

The angle (@) to which the flame isbent from vertical by thewind is calculated using an empirical
correlation devel oped by Welker and Sliepcevich [1970].

tan(®) _32. (Dh.u' pajo.w. ( W ]0.7. (&Jne
cos(®) 1, o-D,) (a,

where: @ = anglethe flametilts from vertical, degrees
u =wind speed, m/s

4, = viscosity of air, kg/(m-s)
p, = density of fuel vapor, kg/m?

The increase in the downwind dimension of the base of the flame (flame drag) is calculated using
ageneralized form of theempirical correlation Moorhouse [1982] devel oped for large circular pool

fires.
2 0.069
DW=1.5-DX-[ - ]
g-D,

where: D, = downwind dimension of base of tilted flame, m
D, = downwind dimension of the pool, m

Theflameisdivided into two zones: aclear zone in which the flameis not obscured by smoke; and
asmoky zonein which afraction of the flame surfaceis obscured by smoke. Thelength of the clear
zoneiscalculated by the following equation, which is based on an empirical correlation devel oped
by Pritchard and Binding [1992].

M 113 c 24
L, =55.05- Dh*O-6 . [_j . (u_i_l)o.ng. (ﬁ)

a

where: L, =length of the clear zone, m

% = carbon/hydrogen ratio of fuel, dimensionless

The surface flux of the clear zoneis calculated using the following equation.
qcz — qsm. (1_ e—b-Dh )

where: g, = surface flux of the clear zone, KW/m?
0y, = Maximum surface flux, KW/m?
b = extinction coefficient, m*
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Step 7:

Step 8:

Step 9:

Average surfaceflux of thesmoky zone, d,, isthen cal culated, based on the foll owing assumptions.

« The smoky zone consists of clean-burning areas and areas in which the flame is obscured
by smoke.

 Within the smoky zone, the fraction of the flame surface that is obscured by smoke is a
function of the fuel properties and pool diameter.

» Smoky areas within the smoky zone have a surface flux of 20 kW/m? [Hagglund and Pers-
son,1976].

* Clean-burning areas of the smoky zone have the same surface flux as the clean-burning
zone.

« The average surface flux of the smoky zone is the area-weighted average of the surface
fluxes for the smoky areas and the clean-burning areas within the smoky zone.

(Thistwo-zone concept i sbased on the Heal th and Saf ety Executive POOL FIRE6 model, asdescrib-
ed by Rew and Hulbert [1996].)

The surface of theflameisdivided into numerous differential areas. Thefollowing equationis then
used to calculate the view factor from a differential target, at a specific location outside the flame,
to each differential area on the surface of the flame.

o an = VAP g gy anar 1 <0

mer?

where: Fy, 4 = View factor from a differential area on the target to a differential area on the
surface of the flame, dimensionless

dA, = differential area on the flame surface, m?

dA = differential area on the target surface, m*

r = distance between differential areas dA and dA;, m

oA = angle between normal to dA, and the line from dA to dA;, degrees
yip = angle between normal to dA,; and the line from dA to dA,, degrees

The radiant heat flux incident upon the target is computed by multiplying the view factor for each
differential area on the flame by the appropriate surface flux (q., or q,,) and by the appropriate
atmospheric transmittance, then summing these values over the surface of the flame.

i =Z Uss FdAﬁdAf'T

Ag

where: q,, = attenuated radiant heat flux incident upon the target due to radiant heat emitted by
the flame, kW/m?
A, =areaof the surface of the flame
Q. = radiant heat flux emitted by the surface of the flame, kW/m? (0, equalseither g, or
ds, , as appropriate)
r = amospheric transmittance, dimensionless

Atmospheric transmittance, 7, isafunction of absolute humidity and r, the path length between dif-
ferential areas on the flame and target [Wayne, 1991].

Steps 7 and 8 are repeated for numerous target locations.
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Validation

Several of theequationsused inthe Pool Fire Radiation Model areempirical relationshipsbased on datafrom
medium:- to large-scal e experiments, which ensures reasonably good agreement between model predictions
and experimental datafor variables such asflame length and tilt angle. Comparisons of experimental data
and model predictionsfor incident heat flux at specificlocations are more meaningful and of greater interest.
Unfortunately, few reportson medium- or large-scal e experimentscontainthelevel of detail requiredtomake
such comparisons.

Onesource of detailed test dataisareport by Welker and Cavin [1982]. It contains datafrom sixty-one pool
firetestsinvolving commercial propane. Variablesthat were examined during these testsinclude pool size
(2.7 to 152 m?) and wind speed. Figure B-1 compares the predicted values of incident heat flux with
experimental datafrom the sixty-one pool fire tests.
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In another series of tests, fire radiation measurementswere taken for large liquefied natural gas (LNG) pool
fires. The Montair tests are the largest tests of LNG fires, involving pools up to 35 meters in diameter
[Nédelka, Moorhouse, and Tucker, 1989]. Figure B-2 compares the radiation isopleths predicted by
CANARY with the actual measurements taken in Test 2 of the Montoir series.
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Torch Fireand Flare Radiation M odel

Purpose

The purpose of thismodel isto predict theimpact of fireradiation emitted by burning jetsof vapor. Specific-
ally, the model predicts the maximum radiant heat flux incident upon a target as a function of distance
between the target and the point of release.

Required Data

@ Composition of the released material

(b) Temperature and pressure of the material before release
(© Mass flow rate of the material being released

(d) Diameter of the exit hole

(e Wind speed

® Air temperature

(9 Relative humidity

(h) Elevation of the target (relative to grade)

0] Elevation of the point of release (relative to grade)

()] Angle of the release (relative to horizontal)

Methodology

Step 1: A correlation based on aMomentum Jet Model is used to determine the length of the flame. This
correlation accounts for the effects of:

« composition of the released material,
« diameter of the exit hole,

* releaserate,

* release velocity, and

« wind speed.

Step 2: Todeterminethe behavior of the flame, the model uses amomentum-based approach that considers
increasing plume buoyancy along the flame and the bending force of the wind. The following
equations are used to determine the path of the centerline of the flame [Cook, et a., 1987].

D, =(pja)05-U-s'n(9) -co8(p) +(p,) U, (downwind)
D, =(pja )0'5- U-sin(@) -sin(g) (crosswind)
®,=(p) " u-cos(0) +(p,) " u, - (i :1) (vertical)

where: @, = momentumfluxin X,Y,Z direction
P, = density of the jet fluid at ambient conditions, kg/m?®
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Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

u = average axia velocity of the flame, m/s

o =release anglein X—Z plane (relative to horizontal), degrees
7 =release anglein X-Y plane (relative to downwind), degrees
p, =density of air, kg/m?

u =wind speed, m/s

p, = density of combustion products, kg/m?

u, = buoyancy velocity, m/s

n = number of points taken along the flame length

These correlations were developed to predict the path of a torch flame when released at various
orientations. Themodel currently doesnot allow areleaseangleinacrosswind direction; therel ease
angleis confined to the downwind/vertical plane (i.e., ¢ = 0).

Theangleof flametilt is defined asthe inclination of astraight line between the point of rel ease and
the end point of the flame centerline path (as determined in Step 2).

The geometric shape of theflameisdefined asafrustum of acone (as suggested by severd flare/fire
researchers[e.g., Kalghatgi, 1983, Chamberlain, 1987]), but modified by adding ahemispheretothe
large end of the frustum. The small end of the frustum is positioned at the point of release, and the
centerline of the frustumisinclined at the angle determined in Step 3.

The surface emissive power is determined from the mol ecular weight and heat of combustion of the
burning material, the release rate and velocity, and the surface area of the flame.

The surface of theflameisdivided into numerousdifferential areas. Thefollowing equationis then
used to calculate the view factor from adifferential target, at a specific location outside the flame,
to each differential area on the surface of the flame.

— COS(,b’t ) : Cos(ﬂf )

Fd/-\ —dA; T

.dp for[A]and[ 5] <90

where: Fy, ,4s = View factor from a differential area on the target to a differential area on the
surface of the flame, dimensionless

dA, = differential area on the flame surface, m?

dA = differential area on the target surface, m*

r = distance between differential areas dA and dA;, m

B = angle between normal to dA and the line from dA to dA;, degrees
yip = angle between normal to dA,; and the line from dA to dA,, degrees

The radiant heat flux incident upon the target is computed by multiplying the view factor for each
differential areaontheflameby the surface missive power and by the appropriate atmospheric trans-
mittance, then summing these values over the surface of the flame.

Qi :z Ost* Faasan,* 7
At
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where: q,, = attenuated radiant heat flux incident upon the target due to radiant heat emitted by
the flame, kW/m?
A, =areaof the surface of the flame
., = radiant heat flux emitted by the surface of the flame, kW/m?
r = amospheric transmittance, dimensionless

Atmospheric transmittance, z, is a function of absolute humidity andr, the path length between
differential areas on the flame and target [Wayne, 1991].

Step 8: Steps 6 and 7 are repeated for numerous target locations.

Validation

Several of the equations used in the Torch Fire and Flare Radiation Model are empirical rel ationships based
on datafrom medium- to large-scal e experiments, which ensuresreasonably good agreement between model
predictions and experimental datafor variables such asflametilt angle. Comparisons of experimental data
and model predictionsfor incident heat flux at specificlocationsare more meaningful and of greater interest.
Unfortunately, few reportson medium- or large-scal eexperimentscontain thelevel of detail requiredto make
such comparisons.

Onereasonable source of test dataisareport by Chamberlain[1987]. It contains datafrom seven flaretests
involving natural gas releases from industrial flares, with severa data points being reported for each test.
Variablesthat were examined during thesetestsinclude rel ease diameter (0.203 and 1.07 m), rel easerate and
velocity, and wind speed. Figure C-1 comparesthe predicted values of incident heat flux with experimental
data from the seven flare tests.
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CANARY Predictions, kW/m?
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Section C - Page 4 February, 2004



CANARY by Quest User’s Manual Section D. Fireball Model

Fireball M odel

Purpose

The purpose of the Fireball Model isto predict theimpact of thermal radiation emitted by fireballsthat result
from catastrophicfailuresof pressurevessel scontaining superheatedliquids. Specifically, themodel predicts
the average radiant heat flux incident upon a grade-level target as a function of the horizontal distance
between the target and the center of the fireball.

Required Data

@ Composition of flammable liquid within the pressure vessel

(b) Mass of flammable liquid within the pressure vessel

(©) Pressure within vessel just prior to rupture

(d) Temperature of the liquid within the vessel just prior to rupture
(e Air temperature

() Relative humidity

Methodology

Step 1: Calculate the mass of fuel consumed in the fireball. The mass of fuel in the fireball is equal to the
smaller of the mass of fuel inthe vessel (as specified by the user), or threetimesthe mass of fuel that
flashes to vapor when it is released to the atmosphere [Hasegawa and Sato, 1977].

Step 2: Calculate the maximum diameter of thefireball using theempirical correlation from Roberts [1981/
82].

D, =58-M

where: D, = maximum diameter of the fireball, m
M; =massof fuel inthefireball, kg

Step 3: Calculate fireball duration using the following empirical correlation [Martinsen and Marx, 1999].
t, =0.9-MY*

where: t; =fireball duration, s
M, = mass of fuel in thefireball, kg

Step 4: Calculate the size of the fireball and its location, as afunction of time. Thefireball is assumed to
grow at arate that is proportional to the cube root of time, reaching its maximum diameter, D, ,
at the time of liftoff, t, /3. During its growth phase, the fireball remains tangent to grade. After
liftoff, it rises at a constant rate [Shield, 1994].
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Step 5:

Step 6:

Step 7:

Step 8:

Step O:

Estimate the surface flux of the fireball. The fraction of the total available heat energy that is
emitted as radiation is calculated using the equation derived by Roberts [1981/82].

f =0.0296 - P

where:  f = fraction of available heat energy released as radiation, dimensionless
P = pressurein vessel at time of rupture, kPa

The total amount of energy emitted as radiation is then calcul ated.

E, =f-M,-AH,

T

where: E, = energy emitted asradiation, kJ
AH, = heat of combustion, kJ/kg

The surface flux is estimated by dividing E, by the average surface area of the fireball and the
fireball duration, but it is not allowed to exceed 400 kW/m?.

Calculate the maximum view factor from a differential target (at specific grade level locations
outsidethefireball) to thefireball, using the simple equation for aspherical radiator [Howell, 1982].

R2
" The
where; F =view factor from differential areato the fireball, dimensionless
R =radius of thefireball, m
H = distance between target and the center of the fireball, m

R and H vary with time due to the growth and rise of the fireball. Therefore, the duration of the
fireball is divided into time intervals and a view factor is calculated at the end of each interval.

Compute the attenuated radiant heat flux at each target location, at the end of each time interval,
by multiplying the appropriate view factor by the surface flux of thefireball and by the appropriate
atmospherictransmittance. Thetransmittance of theatmosphereisafunction of the absol ute humid-
ity and path length from the fireball to thetarget [Wayne, 1991]. For each target location, calculate
the average attenuated heat flux over the duration of the fireball.

Calculate the absorbed energy at each target location. For a given location, the energy absorbed
during each time interval is computed by multiplying the length of the interval by the average
attenuated radiant heat flux for that interval. The absorbed energiesfor all timeintervals are then
summed to determine the radiant energy absorbed over the duration of the fireball.

Calculate the integrated dosage at each target location. This is computed in the same manner as
absorbed energy iscomputed in Step 8, except that the average attenuated radiant heat flux for each
timeinterval istaken tothe 4/3rds power beforeitismultiplied by thetimeinterval. Thisallowsthe
dosageto be used in the probit equation for fatalitiesfrom thermal radiation [ Eisenberg, Lynch, and
Breeding, 1975].
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Pr = -38.4785+2.56-In (q"*t)

where: Pr = probit
g =radiant heat flux, W/m?
t =exposuretime, s

Validation

Several of the equations used in the Fireball Model are empirical relationships based on datafrom small- to
medium-scale experiments, which ensures reasonably good agreement between model predictions and
experimental datafor variables such asmaximum fireball diameter. Comparisons of experimental dataand
model predictions for average incident heat flux, absorbed energy, or dosage are more meaningful and of
greater interest. Unfortunately, very few reportson small- or medium-scal efirebal | experiments contain the
level of detail required to make such comparisons, and no such dataareavail ablefor |large-scal e experiments.

One of the most complete sources of test data for medium-scale fireball tests is a report by Johnson,
Pritchard, and Wickens[1990]. It contains data on five BLEVE tests that involved butane and propane, in
guantities up to 2,000 kg. Figure D-1 comparesthe predicted values of absorbed energy with experimental
data from those five BLEVE tests.
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Fluid Release M oddl

Purpose

The purpose of the Fluid Release Model isto predict the rate of mass release from a breach of containment.
Specifically, the model predicts the rate of flow and the physical state (liquid, two-phase, or gas) of the
release of afluid stream as it enters the atmosphere from a circular breach in a pipe or vessel wall. The
model also computes the amount of vapor and aerosol produced and the rate at which liquid reaches the

ground.

Required Data

@ Composition of the fluid

(b Temperature and pressure of the fluid just prior to the time of the breach

(© Normal flow rate of fluid into the vessel or in the pipe

(d) Size of the pipe and/or vessel

(e Length of pipe

()] Area of the breach

(9) Angle of release relative to horizontal

(h) Elevation of release point above grade

Methodology

Step 1: Caculation of Initial Flow Conditions
Theinitial conditions (before the breach occurs) in the piping and/or vessel are determined from the
input data, coupled with a calculation to determine the initial pressure profile in the piping. The
pressure profile is computed by dividing the pipe into small incremental lengths and computing the
flow conditions stepwise from the vessel to the breach point. Astheflow conditions are computed,
thetime required for asonic wave to traverse each section isalso computed. Theflow inany length
increment can be al vapor, al liquid, or two-phase (thisimpliesthat the sonic vel ocity within each
section may vary). Asflow conditions are computed in each length increment, checks are made to
determine if the fluid velocity has exceeded the sonic velocity or if the pressure in the flow
increment has reached atmospheric. If either condition has been reached, an error codeisgenerated
and computations are stopped.

Step 2: Initial Unsteady State Flow Calculations

When a breach occursin a system with piping, adisturbancein flow and pressure propagates from
the breach point at the local sonic velocity of thefluid. During the time required for the disturbance
to reach the upstream end of the piping, aperiod of highly unsteady flow occurs. The portion of the
piping that has experienced the passage of the pressure disturbanceisin accelerated flow, whilethe
portion upstream of the disturbance isin the same flow regime as before the breach occurred.

To compute the flow rate from the breach during the initial unsteady flow period, a small time
increment i s sel ected and the distancethat the pressure disturbance hasmoved in that timeincrement
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Step 3:

is computed using the sonic velocity profile found in the initial pressure profile calculation. The
disturbed length is subdivided into small increments for use in an iterative pressure balance
calculation. A pressure balanceis achieved when abreach pressureisfound that balances the flow
from the breach and the flow in the disturbed section of piping. Another time increment is added,
and the iterative procedure continues. The unsteady period continues until the pressure disturbance
reaches the upstream end of the pipe.

Long-Term Unsteady State Flow Calculations

The long-term unsteady state flow calculations are characterized by flow in the piping system that
ischanging mores owly than duringtheinitial unsteady state calculations. Thelength of accelerated
flow inthe piping isconstant, set by the user input pipelength. Thevessel contentsare being deplet-
ed, resulting in a potential lowering of pressurein the vessel. Aswith the other flow calculations,
the time is incremented and the vessel conditions are computed. The new vessel conditions serve
as input for the pressure drop calculations in the pipe. When a breach pressure is computed that
balances the breach flow with the flow in the piping, a solution for that timeisachieved. The solu-
tion continues until the ending time or other ending conditions are reached.

Thefrictional lossesin the piping system are computed using the equation:

2
. (_4;;;} )

where: h = head (pressure) loss, ft of fluid
f =friction factor
L =length of system, ft
U = average flowing velocity, ft/sec
g. = gravitational constant, 32.2 Ib,,-ft/(Ib;-sec?)
D, = equivalent diameter of duct, ft

The friction factor is computed using the following equation:

1 2-¢ 187 } @

— =1.74-2.0-log,, |:—+

JT D. Re-/f

where: ¢ = piperoughness, ft
Re = Reynolds number, D_-U-p/u , dimensionless
p = fluid density, Ib/ft?
u = fluid viscosity, Ib/(ft-sec)

Equations (1) and (2) are used for liquid, vapor, and two-phase flow regimes. Since the piping is
subdivided into small lengths, changesin velocity and physical properties across each segment are
assumed to be negligible. At each step in the calculation, a check is made to determineif the fluid
velocity has reached or exceeded the computed critical (sonic) velocity for thefluid. If the critical
velocity hasbeen exceeded, thevel ocity isconstrained tothecritical vel ocity and the maximummass
flow rate in the piping has been set.
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If the fluid in the piping is in two-phase flow, the Lockhart and Martinelli [1949] modification to
Equation (1) isused. The Lockhart and Martinelli equation for head loss is shown below:

4.f.L-U2
= (I)z. -~ "l 3
hy= on | SLEDE ®

where: h,, = head loss for two-phase flow, ft of fluid
® =empirical parameter correlating single- and two-phase flow, dimensionless
U, = superficial liquid velocity (velocity of liquid if liquid filled the pipe), ft/sec

Thisequationisvalid over short distances where the flowing vel ocity does not change appreciably.

Validation

Validation of fluid flow modelsis difficult since little data are available for comparison. Fletcher [1983]
presented a set of data for flashing CFC-11 flowing through orifices and piping. Figures E-1 through E-4
compare cal culations made using the Fluid Release Model with the data presented by Fletcher. Figure E-1
comparesfluid fluxesfor orificetypereleases. Thesereleases had length-to-diameter (L/D) ratioslessthan
0.88. Figure E-2 comparescomputed and experimental releasefluxesfor anL/D ratio of 120 at several levels
of storage pressure. Figure E-3 compares similar releases for an L/D of 37.5. Figure E-4 shows predicted
and experimental release fluxes at a given pressure for L/D ratios from 1 to 200.

Figures E-5 and E-6 compare computed and experimental gasdischargeratesfor the complete breach of two
pipes. One pipe had an internal diameter of 6.2 inches (0.157 m); the other had a diameter of 12 inches
(0.305m). These pipeswereinitialy pressurized to 1,000 psiawith air and then explosively ruptured. The
experimental valueswerereported in aresearch paper for Alberta Environment, authored by Wilson [1981].

Aerosols and Liquid Droplet Evaporation

Liquidsstored at temperatures abovetheir atmospheric pressure boiling point (superheated liquids) will give
off vapor when released from storage. If the temperature of storage is sufficiently above the normal boiling
point, the energy of the released vapor will break the liquid stream into small droplets. If these dropletsare
small enough, they will not settle, but remain in the vapor stream as aerosol droplets. The presence of
aerosol dropletsinthevapor stream changesits apparent density and providesan additional source of vapor.
Droplets large enough to fall to the ground will lose mass due to evaporation during their fall.

The prediction of aerosol formation and amount of aerosol formed isbased on thetheoretical work performed
for the Center for Chemical Process Safety (CCPS) by CREARE. CREARE' swork has been extended and
corrected by Quest. The extension to the model computes the non-aerosol drop evaporation. In Figure E-7,
thefour experimental data setsavailablefor comparison (chlorine(Cl,), methylamine(MMA), CFC-11, and
cyclohexane) are compared to the values computed by the CANARY Aerosol Model.
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Momentum Jet Dispersion M odel

Purpose

The purpose of thismodel isto predict the dispersion of ajet release into ambient air. It is used to predict
the downwind travel of aflammable or toxic gas or aerosol momentum jet release.

Required Data

@ Composition and properties of the released material
(b) Temperature of released material
(© Release rate of material
(d) Vertica release angle relative to wind direction
(e Height of release
) Release area
(9 Ambient wind speed
(h) Ambient Pasquill-Gifford stability class
(i) Ambient temperature
()] Relative humidity
(K) Surface roughness scale
Methodology
Step 1. Anassumption is made that flow perpendicular to the main flow in the plume is negligible, that the
velocity and concentration profilesinthejet aresimilar at all sectionsof thejet, that molecular trans-
portinthejetisnegligible, and that longitudinal turbulent transport is negligible when compared to
longitudinal convectivetransport. Thecoordinate systemisthendefinedins and r, whereSisthe
path length of theplumeand r istheradia distance from the plume centerline. The angle between
theplumeaxisand horizontal isreferredtoas#. Relationshipsbetween thedownwind coordinate, X,
vertical coordinate, Yy, and plume axis are given simply by:
o _ cos(8) (1)
ds
and
Y snco) (2)
ds
Step 2: Velocity, concentration, and density profiles are assumed to be cylindrically symmetric about the

plume axis and are assumed to be Gaussian in shape. The three profiles are taken as:

u(s,r,0)=U,-cos() +u(s)- e ©)
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where: u = plume velocity, m/s
U, =ambientwind speed, m/s
u =plumevelocity relativeto thewind in the downwind direction at the plumeaxis, m/s
b(s) = characteristic width of the plume at distance s from the release, m

IO(S, r 0) — 0. n p*(S) .e/12.b2(s) (4)

where: p = plume density, kg/m?
p, =density of ambient air, kg/m’
p(s) = density difference between plume axis and ambient air, kg/m®
A% =turbulent Schmidt number, 1.35

c(sr,0)=c'(s)-e"" ©)

where: ¢ = pollutant concentration in the plume, kg/m?
¢ (s) = pollutant concentration at plume centerline, kg/m®

Step 3: Theequation for air entrainment into the plume and the conservation equations can then be solved.
The equation for air entrainment is:

%(Iobﬁp.u.g.ﬂ.dr) (6)

= 2-7r-b-pa-{a1-|u* (S)|+a,-U,-|sin(8)|cos(8) + s u’}

where: ¢, = entrainment coefficient for afreejet, 0.057
a, = entrainment coefficient for aline thermal, 0.5
a; = entrainment coefficient due to turbulence, 1.0
u’ = turbulent entrainment velocity (root mean square of the wind velocity fluctuationis
used for this number), m/s

Step 4: The equations of conservation of mass, momentum, and energy are given as:

%(JobﬁC'U'Z'ﬁ°dr):o (7)
%(.[Obﬁ(p-uz-cos(ﬁ)-z-n-dr)) (8)

=2.7-b-p,- {al-| u ()| +a,U,| sin(0)|-cos(0)+a3-u’}
+ Cye7-b- p,-U2|sin(0)|
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NG
%(Iob 2,o-uz-cos,(¢9)-2-7r-dr) (9)
b2 .
= jo g:(p,—p)mr-dr+Cy-z-b- p,-UZ-sin(6)-cos(6)
d bv2 1 1
— ‘U| ————|+2-z-r-dr 10
_ pa-Z-ﬂ-b(i—ij-{al-|u*(s)|+a2-Ua Sn(6) |-cos(6) + ]
pa paO

The subscript O refersto conditions at the point of release. These equationsareintegrated along the
path of the plume to yield the concentration profiles as afunction of elevation and distance down-
wind of the release.

Step5: After the steady-state equati onsare solved, an al ong-wind dispersion correctionisapplied to account
for short-duration releases. Thisisaccomplished usingthemethod outlined by Palazzi, et al. [1982].

Step 6: If the plume reaches the ground, it is coupled to the Heavy Gas Dispersion Model (described in
Section G) and the dispersion cal cul ations continue.

Validation

The Momentum Jet Dispersion Model used in CANARY was validated by comparing results obtained from
the model with experimental data from field tests. Data used for this comparison and the conditions used
in the model were taken from an American Petroleum Institute (API) study [Hanna, Strimaitis, and Chang,
1991]. For thismodel, comparisons were made with the Desert Tortoise, Goldfish, and Prairie Grass series
of dispersion tests. Results of these comparisons are shown in Figure F-1.
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Heavy Gas Dispersion M odel

Purpose

The purpose of this model is to predict the dispersion and gravity flow of a heavy gas released into the air
from liquid pools or instantaneous gas rel eases. 1t is used to predict the downwind travel of aflammable or
toxic vapor cloud.

Required Data

@ Composition and properties of the released material
(b Temperature of released material

(© Vapor generation rate

(d) Vapor source area

(e Vapor source duration

() Ambient wind speed

(9) Ambient Pasquill-Gifford atmospheric stability class
(h) Ambient temperature

() Relative humidity

() Surface roughness scale

Methodology

Step 1: For asteady-state plume, released from astationary source, the Heavy Gas Dispersion Model solves
the following equations:

d

o (PU-B-hem) = oW B (D)

di(p-u -B-h) = p,+(V,-h+W,-B) + p,W,- B, )
X

di(p-u ‘B+h-C,-T) = p,+ (Vorh+ W, B)-C - T, + oW, B, C oo T+ f, - (3)
X

i(p-U-B-h-U)

dx 4

= —0.5-ag-g-di[(p—pa)-B-h2]+pa-(ve-h+vve- B)-U,+f,
X
d 2
&(p'U'B'h'Vg)zg'(p_pa)'h +fvg (5)
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u- dzc = _Vg. é
dx B

U d_B = &-Ve +V,
ax p

p-T PaTa* M

M+ (M, -M,)-m]
where: X = downwind distance, m

p = density, kg/m?

U =velocity in the direction of the wind, m/s

B = cloud width parameter, m

h = cloud height parameter, m

m = mass fraction of source gas

T =temperature, K

C, = specific heat, J(kg- K)

f, = ground heat flux, J(m-s)

f, = downwind friction term, kg/s?

f, = crosswind friction term, kg/s”

V, = horizonta entrainment rate, nvs

V, = horizontal crosswind gravity flow velocity, m/s
W, = vertical entrainment rate, m/s

W, = vertical source gas injection velocity, m/s

M = molecular weight, kg/kmole

s =refersto source properties

a =refersto ambient properties

(6)

(7)

(8)

Thefirst six equations are crosswind-averaged conservation equations. Equation (7) is the width

equation, and Equation (8) is the equation of state.

Step 2: All of thegascloud propertiesare crosswind averaged. Thethree-dimensional concentration distri-
bution is calculated from the average mass concentration by assuming the following concentration

profile:
C(x,y,2) = C(x)-C,(y)-C,(2)

M- m(x)
M,+(M,—M,)-m(x)

oo (55) (35

C(x) =

(9)

(10)

(11)
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B = b*+3-5° (12)
6)° 1 ~3-7
C(z)=|—| -—-&x 13
-(2) (ﬂ'j h p(Z-h2 =
where: C(X,Y,z) = concentrationinplumeat X, y,z, kg/m®
y = crosswind coordinate, m
Z = vertical coordinate, m

b,B, g = half-width parameters, m
Step 3: Asthere are now two parameters used to define Cl(y), thefollowing equation is needed to calcu-
late b:
db b
U:|—| =V, — 14
(dxj °B (19

Step 4: The vertical entrainment rate is defined to be:

W = H

g

where: a =constant, 1.5
k =constant, 0.41
U, =friction velocity, m/s
L = Monin-Obukhov length derived from the atmospheric stability class

(15

Step 5: The profile function ¢ is used to account for the height of the mixing layer, H, and to restrict the
growth of the cloud height to that of the mixinglayer. H isafunction of stability classand isdefin-

ed as:
5( j =1 (16)

The Monin-Obukhov function, @, , isdefined by:

1+5-% L>0 (stable)
() h - (17)
h L h -2
{1—16-1} L <0 (unstable)

Step6: After the steady-state equationsare sol ved, an along-wind dispersion correctionisapplied to account
for short-durationrel eases. Thisisaccomplished usingthe method outlined by Palazzi, et al. [ 1982].
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Validation

The Heavy Gas Dispersion Model used in CANARY was validated by comparing results obtained from the
model with experimental datafromfield tests. Data used for this comparison and the conditions used in the
model were taken from an American Petroleum Institute (API) study [Hanna, Strimaitis, and Chang, 1991].
For thismodel, compari sonswere made with the Burro, Maplin Sands, and Coyote series of dispersiontests.
Results of these comparisons are shown in Figure G-1.

S 5 LA 1 11 SESSLS LA L1 R
Fe o Burro (LNG)
m] Coyote (LNG)
A Maplin Sands (LNG & LPG), Py

CANARY Predicted Concentration (ppm)

Field Data Concentration (ppm)

Figure G-1
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Vapor Cloud Explosion Model

Purpose

The purpose of thismodel isto predict the overpressure field that would be produced by the explosion of a
partially confined and/or obstructed fuel-air cloud, based on the Baker-Strehlow methodology. Specificaly,
the model predicts the magnitude of the peak side-on overpressure and specific impulse as a function of
distance from the source of the explosion.

Required Data

@ Composition of the fuel (flammable fluid) involved in the explosion

(b) Total mass of fuel in the flammable cloud at the time of ignition or the volume of the partially-con-
fined/obstructed area

(© Fuel reactivity (high, medium, or low)

(d) Obstacle density (high, medium, or low)

(e Flame expansion (1-D, 2-D, 2¥2D, or 3-D)

) Reflection factor

Methodology

Step 1. The combustion energy of the cloud is estimated by multiplying its mass by the heat of combustion.
If the volume of the flammable cloud is input, the mass is estimated by assuming that a
stoi chiometric mixture of gas and air exists within that volume.

Step 2: The combustion energy ismultiplied by the reflection factor to account for blast reflection from the
ground or surrounding objects.

Step 3: Flame speed is determined from the fuel reactivity, obstacle density, and flame expansion

parameters, as presented in Baker, et al. [1994, 1998].

Fuel reactivity and obstacle density each havelow, medium, and high choices. Theflameexpansion
parameter allowschoicesof 1-D, 2-D, 2.5-D, and 3-D. Thechoicesfor thesethree parameterscreate
amatrix of 36 possibilities, thus allowing locations that have differing levels of congestion or con-
finement to produce different overpressures. Each matrix possibility correspondsto aflame speed,
and thus a peak (source) overpressure. The meanings of the three parameters and their options are:

Fuel Reactivity (High, Medium, or Low). Thefuels considered to have high reactivity are
acetylene, ethylene oxide, propylene oxide, and hydrogen. Low reactivity fuels are (pure)
methane and carbon monoxide. All other fuels are medium reactivity. If fuels from
different reactivity categories are mixed, the model recommends using the higher category
unless the amount of higher reactivity fuel isless than 2% of the mixture.

February, 2004 Section | - Page 1



Section |. Vapor Cloud Explosion Model CANARY by Quest User’s Manual

Obstacle Density (High, Medium, or Low). High obstacle density is encountered when
objectsintheflame’ s path are closely spaced. Thisisdefined asmultiplelayers of obstruc-
tion resulting in at least a 40% blockage ratio (i.e., 40% of the volume is occupied by
obstacles). Low density areas are defined as having ablockage ratio of lessthan 10%. All
other blockage ratios fall into the medium category.

Flame Expansion (1-D, 2-D, 2.5-D, or 3-D). Theexpansion of the flamefront must be char-
acterized with one of these four descriptors. 1-D expansion islikened to an explosionin a
pipeor hallway. 2-D expansion can be described as what occurs between flat, parallel sur-
faces. Anunconfined (hemispherical expansion) caseis described as 3-D. The additional
descriptor of 2.5-D is used for situations that begin as 2-D and quickly transition to 3-D.

Step 4: Based on the cal culated flame speed, appropriate blast curvesare sel ected fromthefiguresin Baker,

etal., 1994. For flame speeds not shown on the graph, appropriate curves are prepared by interpol a-
tion between existing curves.

Step 5: The Sachs scaled distance, R, is calculated for several distances using the equation:
R
1/3
E
( R J

R = distance from the center of the explosion
E =tota energy calculated in step 2, above
P, = atmospheric pressure

R =

where;

Step 6: The peak side-on overpressure and specific impul se at each scaled distance are determined from the
blast curvesin Baker, et a., 1994.
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APPENDIX C
Base Parametersfor Consequence M odeling

Description Value Units
Atmospheric Conditions
Wind speed for dispersion 4.47 (2] mph [m/g]
Wind speed for fireradiation 12 [5.35] mph [m/g]
Wind speed measurement height 32.8[10] ft [m]
Air temperature 64 F
Relative humidity 66 %
Atmospheric stability (dispersion model only) F Pasquill
Spill Surface Conditions
Surface roughness on land 0.04 m
Surface roughness on water 0.001 m
LNG Parameters
Evaporation rate on water (FERC M odel) 0.1669 kg/m?-s
Burning rate on water (FERC Model) 0.282 kg/m?-s
Density of LNG (FERC Model) 4225 kg/m?
Surface flux for fireradiation (FERC M odel) 265 kW/m?
LNG Composition
Nitrogen 0.10 mole %
M ethane 86.80 mole %
Ethane 8.10 mole %
Propane 3.40 mole %
| so-butane 1.60 mole %
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